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FACTORS FOR UNIT CONVERSIONS 


Quantity 

Equivalent Values 

Mass 

1 kg = 1000 g = 0.001 metric ton = 2.20462 lb m = 35.27392 oz 

1 lb m = 16 oz = 5 x 10" 4 ton = 453.593 g = 0.453593 kg 

Length 

1 m = 100 cm = 1000 mm = 10 6 microns (pm) = 10 10 angstroms (A) 

= 39.37 in. = 3.2808 ft = 1.0936 yd = 0.0006214 mile 

1 ft = 12 in. = l/3 yd = 0.3048 m = 30.48 cm 

Volume 

1 m 3 = 1000 L = 10 6 cm 3 = 10 6 mL 

= 35.3145 ft 3 = 220.83 imperial gallons = 264.17 gal 
= 1056.68 qt 

1 ft 3 = 1728 in. 3 = 7.4805 gal = 0.028317 m 3 = 28.317 L 
= 28,317 cm 3 

Force 

IN =1 kg*m/s 2 = 10 5 dynes = 10 5 g-cm/s 2 = 0.22481 lb f 

1 lb f = 32.174 lb m -ft/s 2 = 4.4482 N = 4.4482 X 10 5 dynes 

Pressure 

1 atm = 1.01325 x 10 5 N/m 2 (Pa) = 101.325 kPa = 1.01325 bar 
= 1.01325 x 10 6 dynes/cm 2 
= 760 mm Hg at 0°C (torr) = 10.333 m H 2 0 at 4°C 
= 14.696 lbf/in. 2 (psi) = 33.9 ft H 2 0 at 4°C 
= 29.921 in. Hg at 0°C 

Energy 

1 J = 1 N-m = 10 7 ergs = 10 7 dyne-cm 
= 2.778 x 10" 7 kWh = 0.23901 cal 
= 0.7376 ft-lbf = 9.486 x 10~ 4 Btu 

Power 

1 W = 1 J/s = 0.23901 cal/s = 0.7376 ft-lbf/s = 9.486 X 10~ 4 Btu/s 
= 1.341 x 10" 3 hp 


Example: The factor to convert grams to lb m is 
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Preface to the Third Edition 

2005 Edition 

with Integrated Media and Study Tools 


An introductory stoichiometry course traditionally plays several important roles in the chem¬ 
ical engineering curriculum. On the most obvious level, it prepares the student to formulate 
and solve material and energy balances on chemical process systems and lays the foundation 
for subsequent courses in thermodynamics, unit operations and transport phenomena, kinetics 
and reactor design, and process dynamics and control. More fundamentally, it introduces the 
engineering approach to solving process-related problems: breaking a process down into its 
components, establishing the relations between known and unknown process variables, assem¬ 
bling the information needed to solve for the unknowns using a combination of experimenta¬ 
tion, empiricism, and the application of natural laws, and, finally, putting the pieces together to 
obtain the desired problem solution. 

We have tried in the book to fulfill each of these functions. Moreover, recognizing that the 
stoichiometry course is often the students' first real encounter with what they think may be their 
chosen profession, we have attempted to provide in the text a realistic, informative, and pos¬ 
itive introduction to the practice of chemical engineering. In the first chapter we survey fields 
that recent chemical engineering graduates have entered, from traditional industrial chemistry 
and petroleum engineering to materials engineering, environmental science and technology, 
biomedical, biochemical, and genetic engineering, information technology, law, and medicine, 
and we describe the variety of research, design, and production problems engineers typically 
confront. In the rest of the book we systematically develop the structure of elementary process 
analysis: definitions, measurement, and calculation of process variables; conservation laws and 
thermodynamic relations that govern the performance of processes; and physical properties 
of process materials that must be determined in order to design a new process or analyze and 
improve an existing one. 

The chemical process constitutes the structural and motivational framework for the pre¬ 
sentation of all of the text material. When we bring in concepts from physical chemistry—for 
example, vapor pressure, solubility, and heat capacity—we introduce them as quantities whose 
values are required to determine process variables or to perform material and energy balance 
calculations on a process. When we discuss computational techniques such as curve-fitting, root¬ 
finding methods, and numerical integration, we present them on the same need-to-know basis 
in the context of process analysis. 

FEATURES 

Industrial Process Case Studies 

An important feature of the book is a set of industrial process case studies that demonstrate 
the role of single-unit calculations in the analysis of multiple-unit processes. We have designed 
the case studies to be worked on as term projects by individuals or (preferably) small teams of 


ix 
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students, beginning after the students have completed the introductory chapter on material bal¬ 
ances (Chapter 4). In each study, the students are asked to produce a flowchart of a moderately 
complex process from a given description, to perform material and energy balance calculations 
on the process, and to answer questions that require consideration of how the overall process 
is structured and why it might be structured that way. Knowing the problems associated with 
the case study, the students tend to be on the lookout for course content that will help them 
obtain the required solutions. The case study thus provides both motivation for learning the 
text material and a feeling for the contextual significance of this material. 


SI Units 


SI units are used widely but not exclusively throughout the text, and extensive SI data tables, 
including steam tables, are contained in the appendices. 

Interactive Chemical Process Principles CD 

The Interactive Chemical Processes Principles CD in the book contains: 

• instructional tutorials, 

• a learning style assessment tool, 

• physical property lookup tables with an embedded routine for calculating sensible heats, 

• Visual Encyclopedia of Chemical Engineering Equipment, 

• E-Z Solve. 

(See pages xiv-xvi for a more detailed description.) 

Computational Software (E-Z Solve) 

Computer programming is not covered explicitly, but problems that lend themselves to 
computer-aided solution are given after each chapter. An exceptionally robust and user- 
E-Z Solve friendly equation-solving program (E-Z Solve) included on the Interactive Chemical Process 
Principles CD makes it possible for students to analyze relatively large processes without 
having to spend excessive time on algebraic and numerical calculations. 

Website 


Updates to the text and additional resources to support its use may be found at 
<http://www.ncsu.edu/felder-public/EPCP.html> 

• Errata listing— any errors found in the text will be listed on the website. 

• Illustrative course Web site —A home page from the material and energy balance course at 
N.C. State University containing links to the course syllabus, policies and procedures, class 
handouts, study guides for exams, and old exams. 

• Handouts for students— Tips on maintaining confidence, taking tests, and identifying and 
taking advantage of learning resources on campus. 

• Index of Learning Styles— A self-scoring instrument that allows students (and instructors) to 
determine their learning style preferences. After taking the test, users can obtain information 
about the strengths of their learning styles and suggestions for how to get more out of their 
courses. (Also on the CD inside the text) 

• “Stoichiometry Without Tears’ —An article from Chemical Engineering Education offering 
suggestions for teaching the stoichiometry course. 
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Resources on the publisher’s website 

Visit the website at <http://www.wiley.com/college/felder> to access various resources. Some 
resources are password-protected, and available only to instructors using this text in their 
course. Visit the Instructor Companion Site portion of this website to register for a password. 
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first edition, until the authors, unable to stand any more, declared the book done. 



Notes to Instructors 


Suggestions for chapter coverage 

The organization of this text has been planned to provide enough flexibility to accommo¬ 
date classes with diverse backgrounds within the scope of a one-semester or two-quarter 
course. We anticipate that semester-long courses in which most students have traditional first- 
year engineering backgrounds will cover most of the first nine chapters, possibly augmented 
with one case study. A one-quarter course should cover Chapters 1 through 6. Students who 
have been exposed to dimensional analysis and elementary data correlation can skip or skim 
Chapter 2, and students whose freshman chemistry courses provided a detailed coverage of 
process variable definitions and the systematic use of units to describe and analyze chemical 
processes may omit Chapter 3. The time gained as a result of these omissions may be used 
to cover additional sections in Chapters 4 through 9, to add Chapter 10 on computer-aided 
balances or Chapter 11 on transient balances, or to cover appended material on numerical 
analysis. 


Teaching and promoting a systematic approach to process analysis 

We have consistently found that the key to student success in the stoichiometry course is ap¬ 
proaching the problems systematically: drawing and labeling flow charts, counting degrees of 
freedom to make sure that problems are solvable, and formulating solution plans before doine 
any calculations. We have also found that students are remarkably resistant to this process, pre¬ 
ferring to launch directly into writing equations in the hope that sooner or later a solution will 
emerge. The students who make the transition to the systematic approach generally do well, 
while those who continue to resist it frequently fail. 


Homework problems and assignment schedules 

In our experience, the only way students learn to use this approach is by repeatedly prac¬ 
ticing it. Hundreds of chapter-end problems in the text are structured to provide this prac¬ 
tice. Representative assignment schedules are given in the Instructor Companion Site at 
<http://www.wiley.com/college/felder>, and there is enough duplication of problem types for 
the schedules to be varied considerably from one course offering to another. 


Student Workbook New! 



Student 

Workbook 


A new feature of this updated edition is the availability of a supplementary workbook contain¬ 
ing detailed outlines of solutions to selected chapter-end problems, with spaces for students to 
insert equations and numerical solutions. Working through these problems will help students 
become comfortable with the systematic approach sooner rather than later. We suggest that 
workbook problems be included in regular homework assignments, but at the very least, in¬ 
structors should encourage their students to solve the problems on their own. Problems in the 
Workbook are designated by an icon in the margin of this text. 
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Developing creativity with open-ended problems 

In addition to the basic material and energy problems at the end of the chapters, we have pro¬ 
vided a variety of open-ended problems that focus on conceptual understanding and creative 
thinking, both imbedded within chapter-end problems and as separate “Creativity Exercises. " 
We encourage instructors to assign these open-ended problems on a regular basis and perhaps 
to include similar problems on tests after ample practice has been provided in assignments. 
The problems can be introduced in a variety of ways: as focal points for in-class brainstorming 
sessions, as parts of regular or extra-credit homework assignments, or as individual or group 
projects with rewards (e.g., bonus points on subsequent tests) for the solutions exhibiting the 
greatest fluency (quantity of solutions). Far more than the algorithmic drills, these exercises 
convey a sense of the challenging and intellectually stimulating possibilities in a chemical engi¬ 
neering career. Conveying this sense may be the most valuable task that can be accomplished 
in the introductory chemical engineering course. 

Using the case studies 

We have discussed in the Preface the motivational aspects of the case studies and the way 
the studies complement the formal text material. An additional benefit occurs if the assign¬ 
ments are made to groups, an approach we regularly use in our classes. We invariably see the 
groups starting out in a state of semi-anarchy and then developing cohesiveness as the weeks 
go by. By the end of the term most students have learned how to divide the labor appropri¬ 
ately and to learn from one another, since they know they are liable to be tested on any part 
of the project and not just the part for which they were personally responsible. This is the part 
of the course the students usually say they enjoyed most. We have also found that periodic 
conferences between the groups and the instructor to discuss the case studies provide added 
educational benefits to all parties concerned. 

Resources for instructors 

The Instructor Companion Web Site contains resources for instructors, including illustrative 
assignment schedules, reproducible copies of figures in the text, and problem solutions. The 
password-protected site is accessible only to instructors who are using the text for their course. 
Go to <http://www.wiley.com/college/feldcr> and click on the link to 'Instructor Companion 
Site” to register for a password. 

RMF 
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Interacti ve Chemical Process Principles 

(CD near front of text) “ 


The CD that accompanies this edition of the text contains a variety of resources for students 
and instructors collected under the title Interactive Chemical Process Principles (ICPP). Some 
of the components of ICPP are instructional aids for the stoichiometry course, and others are 
computational and reference tools that should prove useful throughout the chemical engineer¬ 
ing curriculum. One or more of the ICPP tools can be effectively applied to almost every ex¬ 
ample and problem in the book. Icons throughout the book remind students and instructors 
when the tools on the CD may be helpful. 

In this section, we provide an overview of ICPP and some thoughts on how it might be used 
effectively as an adjunct to the text. We encourage you to read through this outline and then 
explore the tools for yourself. If you are a student, you will soon be able to recognize when you 
can use the tools for problem solving; if you are an instructor, you will see when suggestions 
for using the tools might be helpful in your lecture notes or assignments. 

Index of Learning Styles 

Students learn in a variety of ways. For example, some students are concrete and practical. 
These students appreciate many illustrations, examples, and applications of course material 
and are uncomfortable with abstract mathematical presentations. Other students are much 
more comfortable with abstraction and are easily bored by repetitive calculations and exam¬ 
ples Some learn visually, getting much more from pictures and diagrams than they do from 
words and formulas, while others benefit more from verbal explanations than from visual rep¬ 
resentations. The list of such differences is endless. 

A student’s learning style is a set of preferences for certain ways of taking in and processing 
information. The Index of Learning Styles (ILS) is an instrument that enables you to assess 
several of your learning style preferences. We sugggest that the first thing you do when you 
begin to explore ICPP is to complete the ILS, determine your learning style profile, and then 
read the accompanying material that suggests study strategies (if you are a student) or teaching 
strategies (if you are an instructor) that might work effectively for you in the stoichiometry 
course and in subsequent courses. 


Instructional Tutorials 

ICPP contains six interactive tutorials, designed for students to work through after they have 
progressed to certain points in the text. In each tutorial, process descriptions are given, ques¬ 
tions are posed, and students enter answers and receive affirmation or corrective feedback, 
and then go on to additional questions. Process simulations are also included, so that students 
may predict how process systems will respond to changes in certain system variables, and then 
explore the effects of those changes experimentally. The active involvement and immediate 
feedback implicit in these exercises can significantly reinforce learning. 


Interactive 

Tutorials 


9 

What is your 
Learning Style? 
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Once students can successfully work through a tutorial from beginning to end, they may be 
confident that they have mastered a significant portion of the material covered in that tutorial. 
If they have repeated trouble with a part of the tutorial, they will be able to identify gaps in 
their understanding of the course material and get help with them. 

The tutorials and the points in the course when they may be completed are as follows: 

1. Basic process calculations and process system variables (end of Chapter 3). 

2. Material balances on nonreactive single-unit processes (end of Section 4.3). 

3. Material balances on reactive multiple-unit processes (end of Chapter 4). 

4. Material balances on multiphase systems (end of Chapter 6). 

5. Material and energy balances on nonreactive processes (end of Chapter 8). 

6. Material and energy balances on reactive processes (end of Chapter 9). 


Physical Property Database 




Physical Property 
Database 


The physical property database of ICPP contains easily accessed values of molecular weights, 
specific gravities, phase transition points, critical constants, vapor pressures, heat capacities, and 
latent heats for many species that duplicate the values found in Appendix B of the text. The 
values retrieved from the database may be incorporated into process calculations performed 
using E-Z Solve. 

The principal benefit to students is a built-in function for integrating tabulated heat capac¬ 
ities between specified temperature limits. Without this tool, polynomial formulas in Table B.2 
of the text must be integrated term-by-term and the initial and final temperatures must be en¬ 
tered as the limits, with tedious calculations being required for the associated arithmetic. With 
the Physical Property Database tool, the desired species is selected from a pull-down menu, 
the initial and final temperatures are typed in, and a single click leads to the calculation of the 
integral. This feature will be most helpful in Chapters 8 and 9 of the text. 


Visual Encyclopedia of Chemical Engineering Equipment 


Equipment 

Encyclopedia 


Most of the examples and problems in the text refer to items of equipment commonly found in 
chemical processes, such as reactors, heat exchangers, distillation columns, absorption towers, 
crystallizers, filters, and centrifuges. In some cases, brief explanations of these equipment items 
are given; in others, the terms are simply used. The Visual Encyclopedia of Chemical Engineer¬ 
ing Equipment , created by Dr. Susan Montgomery of the University of Michigan, contains pho¬ 
tographs, cutaway diagrams, movies, animations, and explanations of how the different equip¬ 
ment items work. It should be consulted to clarify references to process units in the text and to 
better understand how the processes described in the chapter-end problems work. 


E-Z Solve 

E-Z Solve is a powerful and user-friendly equation-solving program designed and written by 
Intellipro, the company that produced ICPP. It can be used to obtain numerical solutions of 
E-Z Solve sets li Qear an d nonlinear algebraic equations of the types that occur in almost every chapter- 
end problem in Chapters 4 through 10 of the text, and it can also solve ordinary differential 
equations of the types that occur in Chapter 11. Examples of applications of E-Z Solve to 
representative stoichiometry problems are provided on the CD. E-Z Solve is convenient to use 
whenever a problem calls for solving three or more simultaneous linear algebraic equations or 
any number of nonlinear algebraic equations and ordinary differential equations. 

We have found an interesting phenomenon associated with E-Z Solve, and that is that 
many students do not use it unless they are initially required to do so, probably because they 
are worried about the time it will take them to learn how. The result is that the students spend 
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hours slogging through manual solutions of equations that could be solved in minutes with 

they bf e U f L d the toof two of ^ree times, however, they turn to it constantly 
oughout the remainder of the chemical engineering curriculum 

unlcn E „w„w' Ve m ° r TJ “ VeS “ P '° ‘ K name - Here - for are tee equations in three 

unknowns (x A , x B , T dp ) that anse as part of a problem in Chapter 6 

0.980(7 60) ^ 0.020(760) 

(3) x A + x B = l 


(1)*a = 


A StA A'fi - 1060.793 

io ?;;+xx.ui 


(2) x B = 


io 6 - 88555 -?^*, 

ffdZ.* "Th 6 eqija "' >nsmanually requ,res lrial snd error * It would be a long and tedious task 
“°° e a 8 T P ‘f tcula,or - and t0 ° difficult for a spreadsheet. To use E-Z Solve the 
following three lines of code would be typed in: 

xa = 0.980*760/10 A (6.84471-1060.793/(Tdp+231.541)) 
xb = 0.020*760/10 A (6.88555-1175.817/(Tdp+224 867)) 
xa + xb = 1 ” 

on “OK « »n U rf a !ir nS T eent f ed ’ 3 COmmand to “ Solve ” wo “ld be entered followed by a dick 
OK, and the solution for all three variables would immediately appear. The longer and 

TsoIvTZ m f 6 T 5 r ° blem ’ thC grSater the time savin S that results from using E-Z Solve 



Nomenclature 


The variables to be listed will be expressed in SI units for illustrative purposes, but they could 
equally well be expressed in any dimensionally consistent units. 


a,b,c,d 

C p [kJ/(mol-K)], 

C v [kJ/(moi-K)j 

E*(kJ), £*(kJ/s) 
£ p (kJ),£ p (kJ/s) 
g(mJs 2 ) 

H(kJ), £f(kJ/s), //(kJ/mol) 


m, M (kg), m(kg/s) 

n(mol), n(mol/s) 

p A (N/m 2 ) 

pl(r)(N/m 2 ) 

P(N/m 2 ) 

Pc( K) 

Q (kJ), QfkJ/s) 

/?[kJ/(mol-K)] 


Either arbitrary constants or coefficients of a 
polynomial expression for heat capacity, such as 
those listed in Appendix B.2. 

Heat capacities at constant pressure and constant 
volume, respectively. 

Kinetic energy, rate of kinetic energy transport by a 
flowing stream. 

Potential energy, rate of potential energy transport 
by a flowing stream. 

Gravitational acceleration constant, equal to 
9.8066 m/s 2 or 32.174 ft/s 2 at sea level 

Enthalpy of a system ( H ), rate of transport of 
enthalpy by a process stream ( H ), specific enthalpy 
(H), all determined relative to a specified reference 
state. 

Mass (m or M ) or mass flow rate (m) of a process 
stream or stream component. 

Number of moles (n) or molar flow rate (h) of a 
process stream or stream component. 

Partial pressure of species A in a mixture of gaseous 
species, = y A P. 

Vapor pressure of species A at temperature T. 

Total pressure of a system. Unless specifically told 
otherwise, assume that P is absolute pressure and 
not gauge pressure. 

Critical pressure. Values of this property are listed in 
Table B.l. 

Total heat transferred to or from a system ( Q ), 
rate of heat transfer to or from a system ( Q ). Q is 
defined to be positive if heat is transferred to the 
system. 

Gas constant, given in different units on the inside 
back cover of the text. 
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SCMH, SCLH, SCFH 

SG 

t(s) 

T( K) 

T mp , T bp , T c ( K) 
t/(kJ), U( kJ/s), t/(kJ/mol) 

V (m 3 ), V, v (m 3 /s), V(m 3 /mol) 
W(kJ), Wj(kJ/s) 

x,y, z 

Greek letters 

Mic, AHf (kJ/mol) 

AH m , A// u (kJ/mol) 


Abbreviations for standard cubic meters per hour 
[m 3 (STP)/h], standard liters per hour [L(STP)/h], 
and standard cubic feet per hour [ft 3 (STP)/h], 
respectively: the volumetric flow rate of a gas 
stream if the stream were brought from its actual 
temperature and pressure to standard temperature 
and pressure (0°C and 1 atm). 

Specific gravity, or ratio of the density of a species to 
the density of a reference species. The abbreviation 
is always used for liquids and solids in this text and 
usually refers to species for which specific gravities 
are listed in Table B.l. 

Time 

Temperature 

Melting point temperature, boiling point 
temperature, and critical temperature, respectively. 
Values of these properties are listed in Table B.l. 

Internal energy of a system (£/), rate of transport 
of internal energy by a process stream (f>), specific 
internal energy (0), all relative to a specified 
reference state. 

Volume (V) of a fluid or process unit, volumetric 
flow rate (V or v) of a process stream, specific 
volume (P) of a process material. 

Work transferred to or from a system ( W ), rate 
of transfer of shaft work to or from a continuous 
process system (W s ). W is defined to be positive (in 
this text) if work is transferred from a system to its 
surroundings. 

Mass fraction or mole fraction of a species in a 
mixture. (Subscripts are usually used to identify the 
species.) In liquid-vapor systems, x usually denotes 
fraction in the liquid andy denotes fraction in the 
vapor, z may also denote the compressibility factor 
of a gas. 


In batch (closed) systems, AX denotes the difference 
Affinal ~ -^initial, where X is any system property. 

In continuous (open) systems, AX denotes the 
difference Xoutput Xi n p Ut , 

Heats of combustion and formation, respectively. 
Values of these properties at 25°C and 1 atmosphere 
are listed in Table B.l. 

Heats of melting (fusion) and vaporization, 
respectively. Values of these properties at the 
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Other Symbols 


VA 


£(mol) 


£(mol/s) 


p(kg/m 3 ) 


normal melting and boiling points are listed in 
Table B.l. 

Stoichiometric coefficient of species A in a chemical 
reaction, defined to be positive for products, 
negative for reactants. For Nt + 3H- —* 2 NH 3 , 
vvt 7 = -1, vh 2 = ~3, vmhj = 2 . 

Extent of reaction. If n A 0 (mol) of reactive species 
A is initially present in a reactor and /i A (mol) is 
present some time later, then the extent of reaction 
at that time is f = (« A0 - n A )/ v A , where v A is the 
stoichiometric coefficient of A in the reaction (see 
preceding definition). The value of £ is the same 
regardless of which reactant or product is chosen 
as species A. 

Extent of reaction for a continuous process at steady 
state. If n A o(mol/s) of reactive species A enters 
the reactor and n A (mol/s) exits, then the extent of 
reactionist = (n A0 - « A )/ v A , where v A is the 
stoichiometric coefficient of A in the reaction. The 
value of t is the same regardless of which reactant 
or product is chosen as species A. 

Density. 


’ (e.g,, m) 
~ (e.g., 0) 
() 


Flow rate, such as mass flow rate. 

Specific property, such as specific internal energy. 

Parentheses are used to express functional 
dependence, as in p*(T) to denote a vapor pressure 
that depends on temperature, and also to enclose 
units of variables, as in m(g) to denote a mass 
expressed in grams. The intended use can usually 
be easily seen in context. 
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Absorption A process in which a gas mixture 
contacts a liquid solvent and a component (or 
several components) of the gas dissolves in the 
liquid. In an absorption column or absorption 
tower (or simply absorber), the solvent enters the 
top of a column, flows down, and emerges at the 
bottom, and the gas enters at the bottom, flows 
up (contacting the liquid), and leaves at the top. 

Adiabatic A term applied to a process in which 
no heat is transferred between the process 
system and its surroundings. 

Adsorption A process in which a gas or liquid 
mixture contacts a solid (the adsorbent ) and a 
mixture component (the adsorbate ) adheres to 
the surface of the solid. 

Barometer A device that measures atmospheric 
pressure. 

Boiler A process unit in which tubes pass 

through a combustion furnace. Boiler feedwater 
is fed into the tubes, and heat transferred from 
the hot combustion products through the tube 
walls converts the feedwater to steam. 

Boiling point (at a given pressure) For a pure 
species, the temperature at which the liquid 
and vapor can coexist in equilibrium at the 
given pressure. When applied to the heating of a 
mixture of liquids exposed to a gas at the given 
pressure, the temperature at which the mixture 
begins to boil. 

Bottoms product The product that leaves the 
bottom of a distillation column. The bottoms 
product is relatively rich in the less volatile 
components of the feed to the column. 

Bubble point (of a mixture of liquids at a given 
pressure) The temperature at which the 
first vapor bubble appears when the mixture 
is heated. 

Calibration (of a process variable measurement 
instrument) A procedure in which an 
instrument is used to measure several 
independently known process variable values, 
and a calibration curve of known variable 
values versus the corresponding instrument 
readings is plotted. Once the instrument has 
been calibrated, readings obtained with it can 
be converted to equivalent process variable 
values directly from the calibration curve. 

Catalyst A substance that significantly increases 
the rate of a chemical reaction, although it is 
neither a reactant nor a product. 


Compressibility factor z = PV/nRT for a gas. If 
z = 1, then PV = nRT (the ideal gas equation 
of state) and the gas is said to behave ideally. 
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A device that raises the pressure of 
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Condensation A process in which an entering 
gas is cooled and/or compressed, causing one 
or more of the gas components to liquefy. 
Uncondensed gases and liquid condensate leave 
the condenser as separate streams. 


Critical pressure, P c The highest pressure at 
which distinct vapor and liquid phases can 
coexist for a species. 


Critical temperature, T c The highest 

temperature at which distinct vapor and liquid 
phases can coexist for a species. The critical 
temperature and pressure, collectively referred 
to as the critical constants, are listed for various 
species in Table B.l. 
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Crystallization A process in which a liquid 
solution is cooled, or solvent is evaporated, to 
an extent that solid crystals of solute form. The 
crystals in the slurry (suspension of solids in a 
liquid) leaving the crystallizer may subsequently 
be separated from the liquid in a filter or 
centrifuge. 


Decanter A device in which two liquid phases or 
liquid and solid phases separate by gravity. 


Degrees of freedom When applied to a general 
process, the difference between the number of 
unknown process variables and the number of 
equations relating those variables; the number 
of unknown variables for which values must 
be specified before the remaining values can 
be calculated. When applied to a system at 
equilibrium, the number of intensive system 
variables for which values must be specified 
before the remaining values can be calculated. 
The degrees of freedom in the second sense is 
determined using the Gibbs Phase Rule. 


Dew point (of a gas mixture) The temperature at 
which the first liquid droplet appears when the 
mixture is cooled at constant pressure. 
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Distillation A process in which a mixture of two 
or more species is fed to a vertical column that 
contains either a series of vertically spaced 
horizontal plates, or solid packing through 
which fluid can flow. Liquid mixtures of the feed 
components flow down the column and vapor 
mixtures flow up. Interphase contact. 
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partial condensation of the vapor, and partial 
vaporization of the liquid all take place 
throughout the column. The vapor flowing 
up the column becomes progressively richer 
in the more volatile components of the feed, 
and the liquid flowing down becomes richer in 
the less volatile components. The vapor leaving 
the top of the column is condensed: part of the 
condensate is taken off as the overhead product 
and the rest is recycled to the reactor as reflux, 
becoming the liquid stream that flows down 
the column. The liquid leaving the bottom of 
the column is partially vaporized: the vapor 
is recycled to the reactor as boilup, becoming 
the vapor stream that flows up the column, and 
the residual liquid is taken off as the bottoms 
product. 

Drying A process in which a wet solid is heated 
or contacted with a hot gas stream, causing 
some or all of the liquid wetting the solid to 
evaporate. The vapor and the gas it evaporates 
into emerge as one outlet stream, and the solid 
and remaining residual liquid emerge as a 
second outlet stream. 

Enthalpy (kJ) Property of a system defined as 
H — U + PV, where U = internal energy, 

P = absolute pressure, and V = volume of the 
system. 

Evaporation (vaporization) A process in which 
a pure liquid, liquid mixture, or solvent in a 
solution is vaporized. 

Extraction (liquid extraction) A process in which 
a liquid mixture of two species (the solute and 
the feed carrier ) is contacted in a mixer with a 
third liquid (the solvent ) that is immiscible or 
nearly immiscible with the feed carrier. When 
the liquids are contacted, solute transfers from 
the feed carrier to the solvent. The combined 
mixture is then allowed to settle into two phases 
that are then separated by gravity in a decanter. 

Filtration A process in which a slurry of solid 
particles suspended in a liquid passes through 
a porous medium. Most of the liquid passes 
through the medium (e.g,, a filter) to form the 
filtrate, and the solids and some entrained liquid 
are retained on the filter to form the filter cake. 
Filtration may also be used to separate solids or 
liquids from gases. 

Flash vaporization A process in which a liquid 
feed at a high pressure is suddenly exposed to 
a lower pressure, causing some vaporization to 
occur. The vapor product is rich in the more 
volatile components of the feed and the residual 
liquid is rich in the less volatile components. 

Flue gas See stack gas. 

Heat Energy transferred between a system 
and its surroundings as a consequence of a 
temperature difference. Heat always flows from 
a higher temperature to a lower one. 
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Heat exchanger A process unit through which 
two fluid streams at different temperatures 
flow on opposite sides of a metal barrier. Heat 
is transferred from the stream at the higher 
temperature through the barrier to the other 
stream. 

Internal energy (U) The total energy possessed 
by the individual molecules in a system (as 
opposed to the kinetic and potential energies 
of the system as a whole). V is a strong 
function of temperature, phase, and molecular 
structure, and a weak function of pressure (it 
is independent of pressure for ideal gases). Its 
absolute value cannot be determined, so it is 
always expressed relative to a reference state at 
which it is defined to be zero. 

Membrane A thin solid or liquid film through 
which one or more species in a process stream 
can permeate. 

Overhead product The product that leaves the 
top of a distillation column. The overhead 
product is relatively rich in the most volatile 
components of the feed to the column. 

Pump A device used to propel a liquid or slurry 
from one location to another, usually through a 
pipe or tube. 

Scrubber An absorption column designed to 
remove an undesirable component from a gas 
stream. 

Settler See decanter. 

Shaft work All work transferred between a 
continuous system and its surroundings other 
than that done by or on the process fluid at the 
system entrance and exit. 

Stack gas The gaseous products exiting from a 
combustion furnace. 

Stripping A process in which a liquid containing 
a dissolved gas flows down a column and a 
gas (stripping gas) flows up the column at 
conditions such that the dissolved gas comes out 
of solution and is carried off with the stripping 
gas. 

Vapor pressure The pressure at which pure 
liquid A can coexist with its vapor at a given 
temperature. In this text, vapor pressures can be 
determined from tabulated data (e.g.. Tables R3 
and B.5-B.7 for water), the Antoine equation 
(Table B.4), or the Cox chart (Figure 6.1-4). 


Volume percent (% v/v) For liquid mixtures, the 
percentage of the total volume occupied by a 
particular component; for ideal gases, the same 
as mole percent. For nonideal gases, the volume 
percent has no meaningful physical significance. 


Work Energy transferred between a system 
and its surroundings as a consequence of 
motion against a restraining force, electricity 
or radiation, or any other driving force except a 
temperature difference. 
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Chapter 


What Some Chemical 
Engineers Do for a Living 

Last May, chemical engineering seniors at a large university took their last final examination, 
attended their graduation ceremonies, flipped their tassels and threw their mortarboards in the 
air, enjoyed their farewell parties, said goodbye to one another and promised faithfully to stay 
in touch, and headed off in an impressive variety of geographical and career directions. 

Since you bought this book, you are probably thinking about following in the footsteps 
of those graduates—spending the next few years learning to be a chemical engineer and pos¬ 
sibly the next 40 applying what you learn in a career. Even so, it is a fairly safe bet that, like 
most people in your position, you have only a limited idea of what chemical engineering is or 
what chemical engineers do. A logical way for us to begin this book might therefore be with a 
definition of chemical engineering. 

Unfortunately, no universally accepted definition of chemical engineering exists, and al¬ 
most every type of skilled work you can think of is done somewhere by people educated as 
chemical engineers. We will therefore abandon the idea of formulating a simple definition and 
instead take a closer look at what those recent graduates did, either immediately after gradua¬ 
tion or following a well-earned vacation. Consider these examples and see if any of them sound 
like the sort of career you can see yourself pursuing and enjoying. 

• About 45% of the class went to work for large chemical, petrochemical, pulp and paper, 
plastics and other materials, or textile manufacturing firms. 

• Another 35% went to work for government agencies and design and consulting firms (many 
specializing in environmental regulation and pollution control) and for companies in fields 
such as microelectronics and biotechnology that have not traditionally been associated with 
chemical engineering. 

• About 10% of the class went directly into graduate school in chemical engineering. The mas¬ 
ters degree candidates will get advanced education in traditional chemical engineering areas 
(thermodynamics, chemical reactor analysis and design, fluid dynamics, mass and heat trans¬ 
fer, and chemical process design and control), and in about two years most of them will 
graduate and get jobs doing process or control systems design or product development. The 
doctoral degree candidates will get advanced education and work on major research projects, 
and in four to five years most will graduate and either go into industrial research and devel¬ 
opment or join a university faculty. 

• The remaining 10% of the class went into graduate school in an area other than chemical 
engineering, such as medicine, law, or business. 
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Several graduates went to work for companies manufacturing specialty chemicals_ 

pharmaceuticals, pamts and dyes, and cosmetics, among many other products. All of these 
companies used to hire only chemists to design and run their production processes, but in the 
past few decades they discovered that if they wanted to remain competitive they would have 
to pay attention to such things as mixing efficiency, heat transfer, automatic temperature 
and liquid level control, statistical quality control, and control of pollutant emissions. They 
also discovered that those are areas in which chemical engineers are educated and chemists 
are not at which point these industries became an increasingly important job market for 
chemical engineers. 

• Some went to work for companies that manufacture integrated semiconductor circuits. A 
critical step in the production of (for example) computer chips involves coating small silicon 
wafers with extremely thin and uniform layers of silicon-containing semiconducting mate¬ 
rials. The technique used for this process is chemical vapor deposition, in which the coating 
material is formed in a gas-phase reaction and then deposited on the surface of the wafer. 
The graduates working m this area may be called on to identify reactions that can be used to 
produce the desired films, determine the best conditions at which to run the reactions, design 
the reactors, and continue to improve their operation. 

• Some took elective courses in biochemistry and microbiology and got jobs with small but 
rapidly growing biotechnology firms. One graduate works on the design of pharmaceutical 
production processes that involve immobilized enzymes, biological chemicals that can make 
specific reacuons go orders of magnitude faster than they would in the absence of the en- 
zvmes. Several others work on processes that involve genetic engineering, in which recom¬ 
binant DNA is synthesized and used to produce valuable proteins and other medicinal and 
agricultural chemicals that would be hard to obtain by any other means. 

• Some joined companies that manufacture polymers (plastics). One is working on the devel¬ 
opment of membranes for desalination of seawater (fresh water passes through, salt is kept 
out) and for gas separations (hydrogen passes through and hydrocarbons are kept out, or vice 
versa); another is developing membranes to be used in hollow-tube artificial kidneys (blood 
flows from the patient’s body through thin-walled tubes; metabolic wastes in the blood pass 
through the tube walls but proteins and other important body chemicals remain in the blood 
and the purified blood is returned to the body). 

• Four of the graduates went to medical school. (Chemical engineering graduates who take 
several electives in the biological sciences have a strong record of success in gaining med¬ 
ical school admission.) One went to law school. Three enrolled in Master of Business Ad¬ 
ministration programs and after graduation will probably move into management tracks in 
chemical-related industries. 

• One graduate joined the Peace Corps for a two-year stint in East Africa helping local com¬ 
munities develop sanitary waste disposal systems and also teaching science and English in a 
rural school. When she returns, she will complete a Ph.D. program, join a chemical engineer¬ 
ing faculty, write a definitive book on environmental applications of chemical engineering 
principles, quickly rise through the ranks to become a full professor, resign after ten years 
to run for the United States Senate, win two terms, and eventually become head of a large 
and highly successful private foundation dedicated to improving education in economically 
deprived communities. She will attribute her career successes to the problem-solving skills 
she acquired in her undergraduate training in chemical engineering. 

• At various points in their careers, some of the graduates will work in chemical or biochemical 
or biomedical or material science laboratories doing research and development or quality 
engineering, at computer terminals designing processes and products and control systems at 
field locations managing the construction and startup of manufacturing plants, on production 
floors supervising and troubleshooting and improving operations, on the road doing technical 
sales and service, in executive offices performing administrative functions, in government 
agencies responsible for environmental and occupational health and safety, in hospitals and 
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clinics practicing medicine or biomedical engineering, in law offices specializing in chemical 
process-related patent work, and in classrooms teaching the next generation of chemical 
engineering students. 

Even the chemical engineering graduates who go into a traditional chemical manufacturing 
process end up performing a wide variety of different tasks. Consider the following example, 
and see if any of the problems described seem to present the sort of challenge you can see 
yourself taking on and enjoying. 


EXAMPLE 1 A chemist in your company’s research and development division has discovered that if he mixes two 

.. reactants in a certain proportion at an elevated temperature, he obtains a product significantly more 

valuable than both reactants. The company contemplates manufacturing the product using a process 
based on this reaction. At this point the matter becomes an engineering problem or. more precisely, 
hundreds of engineering problems. 
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1. What type of reactor should be used? A long pipe? A large tank? Several smaller tanks? 
An extremely large test tube? How large? Made of what? Does it have to be heated? If so, 
how much and how? With an electrical heater inside or outside the reactor? By passing a hot 
fluid through a heating coil in the reactor? By heating the reactants before they get into the 
reactor? Does the reaction supply its own heat, so that heating is needed only for startup? If 
so, can the reactor “run away” and possibly explode? Should control measures be introduced 
to prevent this? What kind? 

2. Where should the reactants be obtained? Buy them, or make them? In what proportions 
should they be fed to the reactor? 

3. Should the reactor effluent, which contains the product and unconsumed reactants, be sold 
as is, or should the product be separated from the reactants and the latter be sent back to 
the reactor? If separation is desirable, how can it be accomplished? Heat the mixture and 
draw off and condense the vapor, which will be richer in the more volatile substances than the 
original mixture? Add another substance that extracts the product and is immiscible with the 
reactants, and then separate the two phases mechanically? If all of the process materials are 
gases at the reaction temperature, can the mixture be cooled to a temperature at which the 
product condenses but the reactants do not. or vice versa, or if they are liquids can the mixture 
be cooled to a temperature at which the product crystallizes? If one of these alternatives is 
chosen, what kind of equipment is needed? What size? What materials? What are the heating 
or cooling requirements? Are controls needed to keep the operation of the process within 
rigid limits? What kind of controls? Should they be manual or automatic? 

4. How should the reactant and product streams be moved to and from the reactor and any 
heating, cooling, and separation equipment involved in the process? By gravin' from a raised 
feed tank? With pumps, or blowers, or compressors, or conveyor belts? What kinds? How big? 
In pipes made of what ? 

5. Is enough known about the reaction system to be able to answer all of these questions, or 
should additional laboratory studies be carried out? What studies? Can the laboratory data 
be used directly to design the industrial plant, or should a smaller pilot plant be constructed 
first to test the design? How much smaller? 

6. What can possibly go wrong with the process, and what can be done if and when it does? 

7. Are waste products produced by the process? In what quantities? Are they potentially harm¬ 
ful if released untreated into the environment? If so, in what way? What should be done to 
reduce pollution hazards? Chemically treat the wastes? Dump liquid and solid wastes into 
containers, seal and cart them out to sea? Disperse gases in the atmosphere with a high stack? 
Precipitate solids electrostatically from gas exhausts? 

8. How much of the process should be automated, and how should the automation be done? 

9. How much will all of this cost? For how much can the product be sold, and to whom? How 
much money will the process net each year? Is it enough to make it worthwhile? If so, where 
should the plant be built? 

10. Once the plant has been built, what procedure should be followed for startup? 
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11. Six months later when startup has been achieved, why is the product not coming out the way 
it did in the laboratory? Is it an equipment malfunction or a change in conditions somewhere 
between the laboratory and industrial process? How can we find out? What can be done to 
correct the problem? Is it necessary to shut down the operation for modifications? 

12. Is it significant or just a coincidental series of bad breaks that there have been three explosions 
and four fires within six months in the reactor unit? In either case, how do we stop them from 
recurring? 

13. All sorts of other things are going wrong with the process operation. Why weren’t they on the 
list of things that could possibly go wrong? What can be done about them? 

14. When the process finally starts working perfectly and the next day an order comes down to 
change the product specifications, how can it be done without redesigning the entire process? 
Why didn’t they think of this before they built the plant? 


The different careers and tasks described in this chapter are clearly too diverse to fall into 
a single category. They involve disciplines including physics, chemistry, biology, environmental 
science, medicine, applied mathematics, statistics, computer science, economics, management 
and information science, research, design, construction, sales and service, production super¬ 
vision, and business administration. The single feature they have in common is that chemical 
engineers can be found doing them. Some of the specific knowledge needed to carry out the 
tasks will be presented later in the chemical engineering curriculum, a small amount of it is 
contained in this text, and most of it must be learned after graduation. There are, however, 
fundamental techniques that have been developed for setting up and attacking technical prob¬ 
lems that are independent of the particular problem under consideration. What some of these 
techniques are and how and when to use them are the subjects of this book. 
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Engineering Calculations 


Chapter 1 suggests the range of problems encompassed by chemical engineering, both in tradi¬ 
tional areas of chemical processing and in relatively new fields such as environmental science 
and engineering, bioengineering, and semiconductor manufacturing. Differences between the 
systems mentioned in the chapter—chemical manufacturing processes, genetic engineering lab¬ 
oratories, pollution control facilities, and the others—are obvious. In this book, we examine the 
similarities. 

One similarity is that all of the systems described involve processes designed to transform 
raw materials into desired products. Many of the problems that arise in connection with the de¬ 
sign of a new process or the analysis of an existing one are of a certain type: given amounts and 
properties of the raw materials, calculate amounts and properties of the products, or vice versa. 

The object of this text is to present a systematic approach to the solution of problems of this 
type. This chapter presents basic techniques for expressing the values of system variables and 
for setting up and solving equations that relate these variables. In Chapter 3 we discuss the vari¬ 
ables of specific concern in process analysis—temperatures, pressures, chemical compositions, 
and amounts or flow rates of process streams—describing how they are defined, calculated, 
and, in some cases, measured. Parts Two and Three of the book deal with the laws of conserva¬ 
tion of mass and energy, which relate the inputs and outputs of manufacturing systems, power 
plants, and the human body. The laws of nature constitute the underlying structure of all of 
process design and analysis; in the same way, the techniques that we present in this chapter 
underlie all applications of the laws. 

2.0 INSTRUCTIONAL OBJECTIVES 

After completing this chapter, you should be able to do the following: 

• Convert a quantity expressed in one set of units into its equivalent in any other dimension- 
ally consistent units using conversion factor tables. [For example, convert a heat flux of 235 
kJ/(m 2 - s) into its equivalent in Btu/(ft 2 h).] 

• Identify the units commonly used to express both mass and weight in SI, CGS, and American 
Engineering units. Calculate weights from given masses in either natural units (e.g., kg-m/s 2 
or Ib m - ft/s 2 ) or defined units (N, Ibf). 

• Identify the number of significant figures in a given value expressed in either decimal or 
scientific notation and state the precision with which the value is known based on its signif¬ 
icant figures. Determine the correct number of significant figures in the result of a series of 
arithmetic operations (adding, subtracting, multiplying, and dividing). 


7 
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• Validate a quantitative problem solution by applying back-substitution, order-of-magnitude 
estimation, and the test of reasonableness. 

• Given a set of measured values, calculate the sample mean, range, sample variance, and sam¬ 
ple standard deviation. Explain in your own words what each of the calculated quantities 
means and why it is important. 

• Explain the concept of dimensional homogeneity of equations. Given the units of some terms 
in an equation, use this concept to assign units to other terms. 

• Given tabulated data for two variables (x andy), use linear interpolation between two data 
points to estimate the value of one variable for a given value of the other. Sketch a plot of 
y versus x and use it to illustrate how and when linear interpolation can lead to significant 
errors in estimated values. 

• Given two points on a straight-line plot of y versus x , derive the expression for y{x). Given 
tabulated data for x and y, fit a straight line by visual inspection. 

• Given a two-parameter expression relating two variables [such as y = asin(2x) + b or P = 
l/(ae 3 + b) and two adjustable parameters (a and b), state what you would plot versus 
what to generate a straight line. Given data for x and y , generate the plot and estimate the 
parameters a and b. 

• Given a power-law or exponential expression involving two variables (such as y = ax b 
or k = ae b / T ), state what you would plot versus what on rectangular, semilog, or logarith¬ 
mic axes that would generate a straight line. Given a linear plot involving two variables on 
any of the three types of axes and two points on the line, determine the expression relating 
the two variables and the values of the two parameters. 


2.1 UNITS AND DIMENSIONS 

A measured or counted quantity has a numerical value (2.47) and a unit (whatever there are 
2.47 of). It is useful in most engineering calculations—and essential in many—to write both the 
value and the unit of each quantity appearing in an equation: 

2 meters, | second, 4.29 kilograms, 5 gold rings 

A dimension is a property that can be measured, such as length, time, mass, or tempera¬ 
ture, or calculated by multiplying or dividing other dimensions, such as length/time (velocity), 
length (volume), or mass/length 3 (density). Measurable units (as opposed to countable units) 
are specific values of dimensions that have been defined by convention, custom, or law, such as 
grams for mass, seconds for time, and centimeters or feet for length. 

Units can be treated like algebraic variables when quantities are added, subtracted, multi¬ 
plied, or divided. The numerical values of two quantities may be added or subtracted only if the 
units are the same. 

3 cm - 1 cm = 2 cm (3x - x = 2x) 
but 

3 cm - 1 mm (or 1 s) = ? (3x - y = ?) 

On the other hand, numerical values and their corresponding units may always be combined by 
multiplication or division. 


3 N x 4 m = 
5.0 km 
2.0 h " 


7.0 


km 

X 


x 4 h = 


12 N-m 
2.5 km/h 

28 km 
12 m 2 


3 m x 4 m 
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5.0 


^g 



30 cm 2 /s 

3 (3 is a dimensionless quantity) 

25 m 3 /s (Convince yourself) 


2.2 CONVERSION OF UNITS 

A measured quantity can be expressed in terms of any units having the appropriate dimension. 
A particular velocity, for instance, may be expressed in ft/s, miles/h, cm/yr, or any other ratio of 
a length unit to a time unit. The numerical value of the velocity naturally depends on the units 
chosen. 

The equivalence between two expressions of the same quantity may be defined in terms 
of a ratio: 

1 cm 


10 mm 
10 mm 
1 cm 


(1 centimeter per 10 millimeters) 

(2.2-1) 

(10 millimeters per centimeter) 

(2.2-2) 

10 mm 

i 2 100 mm 2 

(2.2-3) 

1 cm 

1 cm 2 


Ratios of the form of Equations 2.2-1,2.2-2, and 2.2-3 are known as conversion factors. 

To convert a quantity expressed in terms of one unit to its equivalent in terms of another unit, 
multiply the given quantity by the conversion factor (new unit/old unit). For example, to convert 
36 mg to its equivalent in grams, write 

lg 


(36 mg) x [ - 


= 0.036 g 


(2.2-4) 


\1000 mg ) 

(Note how the old units cancel, leaving the desired unit.) An alternative way to write this equa¬ 
tion is to use a vertical line instead of the multiplication symbol: 

- = 0.036 g 


36 mg 

lg 


1000 mg 


Carrying along units in calculations of this type is the best way of avoiding the common 
mistake of multiplying when you mean to divide and vice versa. In the given example, the result 
is known to be correct because milligrams cancel leaving only grams on the left side, whereas 


36 mg 

1000 mg 


1 lg 


is clearly wrong. (More precisely, it is not what you intended to calculate.) 

If you are given a quantity having a compound unit [e.g., miles/h, cal/(g-°C)], and you wish 
to convert it to its equivalent in terms of another set of units, set up a dimensional equation: 
write the given quantity and its units on the left, write the units of conversion factors that cancel 
the old units and replace them with the desired ones, fill in the values of the conversion factors, 
and carry out the indicated arithmetic to find the desired value. (See Example 2.2-1.) 


TEST 

YOURSELF 
(Answers, p. 655) 


1. What is a conversion factor? 

2. What is the conversion factor for s/min (s = second)? 

3. What is the conversion factor for min 2 /s 2 (See Equation 2.2-3.) 

4. What is the conversion factor for m 3 /cm 3 ? 
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Conversion of Units 


SOLUTION 


Convert an acceleration of 1 cm/s 2 to its equivalent in km/yr 2 . 


1 cm 

| 3600 2 s 2 

24 2 h 2 

365 2 day 2 

1 m 

1 km 

s 2 

l 2 h 2 

l 2 day 2 

l 2 yr 2 | 

10 2 cm 

10 3 m 

! 

(3600 x 24 x 365) 2 km , 2 : 

--In," —- -? = 9.95 x 10 9 km/vr 2 1 


A principle illustrated in this example is that raising a quantity (in particular, a conversion factor) to 
a power raises its units to the same power. The conversion factor for h 2 /day 2 is therefore the square 
of the factor for h/day: 

\1 day ) 


= 24 : 


h 2 

day 2 


2.3 SYSTEMS OF UNITS 

A system of units has the following components: 

1. Base units for mass, length, time, temperature, electrical current, and light intensity. 

2. Multiple units, which are defined as multiples or fractions of base units such as minutes, 
hours, and milliseconds, all of which are defined in terms of the base unit of a second. Mul¬ 
tiple units are defined for convenience rather than necessity: it is simply more convenient 
to refer to 3 yr than to 94,608,000 s. 

3. Derived units, obtained in one of two ways: 

(a) By multiplying and dividing base or multiple units (cm 2 , ft/min, kg-m/s 2 , etc.). De¬ 
rived units of this type are referred to as compound units. 

(b) As defined equivalents of compound units (e.g., 1 erg = (lg-cm/s 2 ), 1 Ibf ss 32.174 
Ibtn' ft/s 2 ). 

The “Systeme Internationale d’Unites,” or SI for short, has gained widespread acceptance 
in the scientific and engineering community. Two of the base SI units—the ampere for electrical 
current and the candela for luminous intensity—will not concern us in this book. A third, the 
kelvin for temperature, will be discussed later. The others are the meter (m) for length, the 
kilogram (kg) for mass, and the second (s) for time. 

Prefixes are used in SI to indicate powers of ten. The most common of these prefixes and 
their abbreviations are mega (M) for 10 6 (1 megawatt = 1 MW = 10 6 watts), kilo (k) for 10 3 , 
centi (c) for 10 -2 , milli (m) for 10" 3 , micro (p) for 10~ 6 , and nano (n) for 10" 9 . The conver¬ 
sion factors between, say, centimeters and meters are therefore 10“ 2 m/cm and 10 2 cm/m. The 
principal SI units and prefixes are summarized in Table 2.3-1, 

The CGS system is almost identical to SI, the principal difference being that grams (g) and 
centimeters (cm) are used instead of kilograms and meters as the base units of mass and length. 
The principal units of the CGS system are shown in Table 2.3-1. 

The base units of the American engineering system are the foot (ft) for length, the pound- 
mass (lb m ) for mass, and the second (s) for time. This system has two principal difficulties. The 
first is the occurrence of conversion factors (such as 1 ft/12 in), which, unlike those in the metric 
systems, are not multiples of 10; the second, which has to do with the unit of force, is discussed 
in the next section. 

Factors for converting from one system of units to another may be determined by 
taking ratios of quantities listed in the table on the inside front cover of this book. A larger 
table of conversion factors is given on pp. 1-4 through 1-20 of Perry’s Chemical Engineers’ 
Handbook. 1 


’R. H. Perry and D. W. Green, Eds., Perry’s Chemical Engineers’ Handbook, 7th Edition, McGraw-Hill New 
York, 1997. 
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TEST 

YOURSELF 
(Answers, p. 655) 



SOLUTION 


Table 23-1 SI and CGS Units 


Base Units 

Quantity 

Unit 

Symbol 

Length 

meter (SI) 

m 


centimeter (CGS) 

cm 

Mass 

kilogram (SI) 

kg 


gram (CGS) 

g 

Moles 

gram-mole 

mol or g-mole 

Time 

second 

s 

Temperature 

kelvin 

K 

Electric current 

ampere 

A 

Light intensity 

candela 

cd 


Multiple Unit Preferences 


tera (T) = 10 12 
giga (G) = 10 9 
mega(M) = 10 6 
kilo (k) = 10 3 


centi (c) = 10~ 2 
milli (m) = 10 -3 
micro (jj.) = 10~ 6 
nano (n) = 1CT 9 


Derived Units 


Quantity 

Unit 

Symbol 

Equivalent in Terms of Base Units 

Volume 

liter 

L 

0.001 m 3 




1000 cm 3 

Force 

newton (SI) 

N 

1 kg-m/s 2 


dyne (CGS) 


1 g-cm/s 2 

Pressure 

pascal (SI) 

Pa 

lN/nr 

Energy, work 

joule (SI) 

J 

1 N-m = 1 kg-m 2 /s 2 


erg (CGS) 


1 dyne-cm = 1 g-cm 2 /s 2 


gram-calorie 

cal 

4.184 J = 4.184 kg-m 2 /s 2 

Power 

watt 

W 

1 J/s = 1 kg-m 2 /s 3 


1. What are the factors (numerical values and units) needed to convert 

(a) meters to millimeters? 

(b) nanoseconds to seconds? 

(c) square centimeters to square meters? 

(d) cubic feet to cubic meters (use the conversion factor table on the inside front cover)? 

(e) horsepower to British thermal units per second? 

2. What is the derived SI unit for velocity? The velocity unit in the CGS system? In the 
American engineering system? 


Conversion Between Systems of Units 
Convert 23 lb m • ft/min 2 to its equivalent in kg-cm/s 2 . 

As before, begin by writing the dimensional equation, fill in the units of conversion factors 
(new/old) and then the numerical values of these factors, and then do the arithmetic. The 
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result is 


23 lb m - ft 

! 0.453593 kg 

100 cm 

l 2 min 2 

min 2 

1 lbm 1 

3.281ft 

(60) 2 s 2 


(23)(0.453593)(100) kg-cm 
(3.281)(3600) s 2 


(Cancellation of units leaves kg-cm/s 2 ) 


0.088 


kg-cm 


2.4 FORCE AND WEIGHT 

According to Newton’s second law of motion, force is proportional to the product of mass 
and acceleration (length/time 2 ). Natural force units are, therefore, kg-m/s 2 (SI), g-cm/s 2 
(CGS), and lb m -ft/s 2 (American engineering). To avoid having to carry around these complex 
units in all calculations involving forces, derived force units have been defined in each system. 
In the metric systems, the derived force units (the newton in SI, the dyne in the CGS system) 
are defined to equal the natural units: 

1 newton (N) = 1 kg-ra/s 2 (2.4-1) 

1 dyne s i g-cm/s 2 (2.4-2) 

In the American engineering system, the derived force unit—called a pound-force (lb f )—is 
defined as the product of a unit mass (1 lb m ) and the acceleration of gravity at sea level and 
45° latitude, which is 32.174 ft/s 2 : 

1 Ib f = 32.174 lb m -ft/s 2 (2.4-3) 

Equations 2.4-1 through 2.4-3 define conversion factors between natural and derived force 
units. For example, the force in newtons required to accelerate a mass of 4.00 kg at a rate of 
9.00 m/s 2 is 


4.00 kg 

9.00 m i 

IN 


s 2 

1 kg-m/s 2 


The force in lb f required to accelerate a mass of 4.00 lb m at a rate of 9.00 ft/s 2 is 


4.00 Ib m 

9.00 ft 

1 lbf 


s 

32.174 lbm-ft/s 2 


Factors needed to convert from one force unit to another are summarized in the table on 
the inside front cover. The symbol g c is sometimes used to denote the conversion factor from 
natural to derived force units: for example, 

_ 1 kg-m/s 2 _ 32.174 lb m -ft/s 2 
3c IN 1 lbf 

We will not use this symbol in the text, but if you should encounter it elsewhere remember 
that it is simply a conversion factor (not to be confused with gravitational acceleration, which 
is usually denoted by g ). 

The weight of an object is the force exerted on the object by gravitational attraction. Sup¬ 
pose that an object of mass m is subjected to a gravitational force W (W is by definition the 
weight of the object) and that if this object were falling freely its acceleration would be g. 
The weight, mass, and free-fall acceleration of the object are related by Equation 2.4-4: 

W = mg (2.4-4) 

The gravitational acceleration (g ) varies directly with the mass of the attracting body (the earth, 
in most problems you will confront) and inversely with the square of the distance between the 
centers of mass of the attracting body and the object being attracted. The value of g at sea level 
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and 45° latitude is given below in each system of units: 


g = 9.8066 m/s 2 
= 980.66 cm/s 2 
= 32.174 ft/s 2 


(2.4-5) 


The acceleration of gravity does not vary much with position on the earth’s surface and (within 
moderate limits) altitude, and the values in Equation 2.4-5 may accordingly be used for most 
conversions between mass and weight. 


TEST 

YOURSELF 
(Answers, p. 655) 


1. What is a force of 2 kg-m/s 2 equivalent to in newtons? What is a force of 2 lb m • ft/s 2 equiv¬ 
alent to in lbf? 

2. If the acceleration of gravity at a point is g = 9.8 m/s 2 and an object is resting on the 
ground at this point, is this object accelerating at a rate of 9.8 m/s 2 ? 

3. Suppose an object weighs 9.8 N at sea level. What is its mass? Would its mass be greater, 
less, or the same on the moon? How about its weight? 

4. Suppose an object weighs 2 lb f at sea level. What is its mass? Would its mass be greater, 
less, or the same at the center of the earth? How about its weight? (Careful!) 


EXAMPLE 2,4-l\ Weight and Mass 


Water has a density of 62.4 lbm/ft 3 . How much does 2.000 ft 3 of water weigh (1) at sea level and 45° 
latitude and (2) in Denver, Colorado, where the altitude is 5374 ft and the gravitational acceleration 
is 32.139 ft/s 2 ? 


SOLUTION The mass of the water is 

M = ^62.4 (2 ft 3 ) - 124.8 lb m 

The weight of the water is 

w - ( 

1. At sea level, g = 32.174 ft/s 2 , so that W = 124.8 lb f . 

2. In Denver, g = 32.139 ft/s 2 , and W = 124.7 lb f . 

As this example illustrates, the error incurred by assuming that g = 32.174 ft/s 2 is normally quite 
small as long as you remain on the earth’s surface. In a satellite or on another planet it would be a 
different story. 


2.5 NUMERICAL CALCULATION AND ESTIMATION 

2.5a Scientific Notation, Significant Figures, and Precision 

Both very large and very small numbers are commonly encountered in process calculations. A 
convenient way to represent such numbers is to use scientific notation, in which a number is 
expressed as the product of another number (usually between 0.1 and 10) and a power of 10. 

Examples: 123,000,000 = 1.23 x 10® (or 0.123 x 10 9 ) 

0.000028 = 2.8 x 10~ 5 (or 0.28 x 10~ 4 ) 

The significant figures of a number are the digits from the first nonzero digit on the left to 
either (a) the last digit (zero or nonzero) on the right if there is a decimal point, or (b) the last 
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nonzero digit of the number if there is no decimal point. For example, 

2300 or 2.3 x 10 3 has two significant figures. 

2300. or 2.300 X 10 3 has four significant figures. 

2300.0 or 2.3000 x IQ 3 has five significant figures. 

23,040 or 2.304 x 10 4 has four significant figures. 

0.035 or 3.5 X 10 -2 has two significant figures. 

0.03500 or 3.500 X 10~ 2 has four significant figures. 

{Note: The number of significant figures is easily shown and seen if scientific notation is used.) 

The number of significant figures in the reported value of a measured or calculated quantity 
provides an indication of the precision with which the quantity is known: the more significant 
figures, the more precise is the value. Generally, if you report the value of a measured quantity 
with three significant figures, you indicate that the value of the third of these figures may be 
off by as much as a half-unit. Thus, if you report a mass as 8.3 g (two significant figures), you 
indicate that the mass lies somewhere between 8.25 and 8.35 g, whereas if you give the value 
as 8.300 g (four significant figures) you indicate that the mass lies between 8.2995 and 8.3005 g. 

Note, however, that this rule applies only to measured quantities or numbers calculated 
from measured quantities. If a quantity is known precisely—-like a pure integer (2) or a counted 
rather than measured quantity (16 oranges)—its value implicitly contains an infinite number 
of significant figures (5 cows really means 5.0000 ... cows). 

When two or more quantities are combined by multiplication and/or division, the number 
of significant figures in the result should equal the lowest number of significant figures of any 
of the multiplicands or divisors. If the initial result of a calculation violates this rule, you must 
round off the result to reduce the number of significant figures to its maximum allowed value, 
although if several calculations are to be performed in sequence it is advisable to keep extra 
significant figures of intermediate quantities and to round off only the final result. Examples: 

(3) (4) (7) (3) 

(3.57)(4.286) = 15.30102 =* 15.3 
(2) (4) (3) (9) (2) (2) 

(5.2 X 10 4 )(0.1635 x 10 7 )/(2.67) = 318.426966 => 3.2 x 10 2 = 320 

(The raised quantities in parentheses denote the number of significant figures in the given num¬ 
bers.) Warning: If you calculate, say, 3x4, and your calculator or computer gives you an answer 
like 11.99999, and you copy this answer and hand it in, your instructor may become violent! 

The rule for addition and subtraction concerns the position of the last significant figure 
in the sum—that is, the location of this figure relative to the decimal point. The rule is: When 
two or more numbers are added or subtracted, the positions of the last significant figures of each 
number relative to the decimal point should be compared. Of these positions, the one farthest to 
the left is the position of the last permissible significant figure of the sum or difference. 

Several examples of this rule follow, in which an arrow (1) denotes the last significant figure 
of each number. 

1 

1530 i 
-2.56 

1527.44 =» 1530 
t 

1111 
1.0000 + 0.036 + 0.22 - 1.2560 => 1.26 
1 1 

2.75 x 10 6 + 3.400 X 10 4 = (2.75 + 0.03400) x 10 6 

1 

= 2.784000 x 10 6 =4> 2.78 X 10 6 
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Finally, a rule of thumb for rounding off numbers in which the digit to be dropped is a 5 is 
always to make the last digit of the rounded-off number even: 

1.35 => 1.4 
1.25 =* 1.2 

Express the following quantities in scientific notation and indicate how many significant 
figures each has. 

(a) 12,200 (b) 12,200.0 (c) 0.003040 

Express the following quantities in standard decimal form and indicate how many signif¬ 
icant figures each has. 

(a) 1.34 X 10 5 (b) 1.340 X 10 -2 (c) 0.00420 X 10 6 

How many significant figures would the solution of each of the following problems have? 
What are the solutions of (c) and (d)? 

(a) (5.74)(38.27)/ (0.001250) (c) 1.000 + 10.2 

(b) (1.76 X 10 4 )(0.12 X 10" 6 ) (d) 18.76 - 7 

Round off each of the following numbers to three significant figures. 

(a) 1465 (b) 13.35 (c) 1.765 x 10~ 7 

When the value of a number is given, the significant figures provide an indication of the 
uncertainty in the value; for example, a value of 2.7 indicates that the number lies between 
2.65 and 2.75. Give ranges within which each of the following values lie. 

(a) 4.3 (d) 2500 

(b) 4.30 (e) 2.500 x 10 3 

(c) 2.778 x 10" 3 

2.5b Validating Results 

Every problem you will ever have to solve—in this and other courses and in your professional 
career—will involve two critical questions: (1) How do I get a solution? (2) When I get one, how 
do I know it’s right? Most of this book is devoted to Question 1—that is, to methods of solving 
problems that arise in the design and analysis of chemical processes. However, Question 2 is 
equally important, and serious problems can arise when it is not asked. All successful engineers 
get into the habit of asking it whenever they solve a problem and they develop a wide variety 
of strategies for answering it. 

Among approaches you can use to validate a quantitative problem solution are back- 
substitution, order-of-magnitude estimation, and the test of reasonableness. 

• Back-substitution is straightforward: after you solve a set of equations, substitute your solu¬ 
tion back into the equations and make sure it works. 

• Order-of-magnitude estimation means coming up with a crude and easy-to-obtain approx¬ 
imation of the answer to a problem and making sure that the more exact solution comes 
reasonably close to it. 

• Applying the test of reasonableness means verifying that the solution makes sense. If, for 
example, a calculated velocity of water flowing in a pipe is faster than the speed of light or 
the calculated temperature in a chemical reactor is higher than the interior temperature of 
the sun, you should suspect that a mistake has been made somewhere. 

The procedure for checking an arithmetic calculation by order-of-magnitude estimation is 
as follows: 

1. Substitute simple integers for ail numerical quantities, using powers of 10 (scientific no¬ 
tation) for very small and very large numbers. 

27.36 -* 20 or 30 (whichever makes the subsequent arithmetic easier) 

63,472 — 6 x 10 4 
0.002887 3 x 10~ 3 


TEST 1. 

YOURSELF 
(Answers, p. 655) 

2 . 


3. 


4. 

5. 
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2. Do the resulting arithmetic calculations by hand, continuing to round off intermediate 
answers. 


(36,720)(0.0624) 

0.000478 


(4 X 10 4 )(5 X 10" 2 ) 
5 x 10“ 4 


= 4 x io< 4 " 2+4 > = 4 X 10 6 


The correct solution (obtained using a calculator) is 4.78 X10 6 . If you obtain this solution, 
since it is of the same magnitude as the estimate, you can be reasonably confident that you 
haven’t made a gross error in the calculation. 

3. If a number is added to a second, much smaller, number, drop the second number in the 
approximation, . . 

—--sw — ss o 25 

4.13 +1104762 4 J 


The calculator solution is 0.239. 



Order-of-Magnitude Estimation 


SOLUTION 


The calculation of a process stream volumetric flow rate has led to the following formula: 


r 


254 


13 




l 


V l(0.879)(62.4) + (0.866)(62.4) J X (31.3145)(60) 
Estimate V without using a calculator. (The exact solution is 0.00230.) 


250 V 
50 + 


(4 X 10*)(6 X 10 1 ) 25 x 10 2 


■ 0.2 x 10" 


■ 0.002 


The third way to check a numerical result—and perhaps the first thing you should do when 
you get one—is to see if the answer is reasonable. If, for example, you calculate that a cylinder 
contains 4.23 X 10 32 kg of hydrogen when the mass of the sun is only 2 X 10 30 kg, it should 
motivate you to redo the calculation. You should similarly be concerned if you calculate a 
reactor volume larger than the earth (10 21 m 3 ) or a room temperature hot enough to melt iron 
(1535°C). If you get in the habit of asking yourself, “Does this make sense?” every time you 
come up with a solution to a problem—in engineering and in the rest of your life—you will 
spare yourself considerable grief and embarrassment. 


2.5c Estimation of Measured Values: Sample Mean 

Suppose we carry out a chemical reaction of the form A —>■ Products, starting with pure A in 
the reactor and keeping the reactor temperature constant at 45°C. After two minutes we draw 
a sample from the reactor and analyze it to determine X ., the percentage of the A fed that has 
reacted. 



In theory X should have a unique value; however, in a real reactor X is a random variable, 
changing in an unpredictable manner from one run to another at the same experimental con- 
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ditions. The values of X obtained after 10 successive runs might be as follows: 


Run 

1 

2 

3 

: 4 1 

i 

5 

6 

7 

8 

9 

10 

X(%) 

67.1 

73.1 

69.6 

67.4 

_I 

71.0 

68.2 

69.4 

68.2 

68.7 

70.2 


Why don’t we get the same value of X in each run? There are several reasons. 

• It is impossible to replicate experimental conditions exactly in successive experiments. If the 
temperature in the reactor varies by as little as 0.1 degree from one run to another, it could 
be enough to change the measured value of X. 

• Even if conditions were identical in two runs, we could not possibly draw our sample at ex¬ 
actly t = 2.000... minutes both times, and a difference of a second could make a measurable 
difference in X. 

• Variations in sampling and chemical analysis procedures invariably introduce scatter in mea¬ 
sured values. 

We might ask two questions about the system at this point. 

1. What is the true value of X? 

In principle there may be such a thing as the “true value”—that is, the value we would 
measure if we could set the temperature exactly to 45.0000... degrees, start the reaction, keep 
the temperature and all other experimental variables that affect X perfectly constant, and then 
sample and analyze with complete accuracy at exactly t = 2.0000... minutes. In practice there 
is no way to do any of those things, however. We could also define the true value of X as the 
value we would calculate by performing an infinite number of measurements and averaging 
the results, but there is no practical way to do that either. The best we can ever do is to estimate 
the true value of X from a finite number of measured values. 


2. How can we estimate of the true value of X? 


The most common estimate is the sample mean (or arithmetic mean). We collect N mea¬ 
sured values of X (X l ,X 2 ,... ,X N ) and then calculate 


_ 1 1 
Sample Mean: X = — (Xi + X 2 + • ■ • + X N ) = yj > Xj 

™ j -1 

For the given data, we would estimate 


(2.5-1) 


X = -^(67.1% +73.1% + ••• + 70.2%) = 69.3% 


Graphically, the data and sample mean might appear as shown below. The measured values 
scatter about the sample mean, as they must. 


x 

X = 69.3% 


Run 


10 


The more measurements of a random variable, the better the estimated value based on 
the sample mean. However, even with a huge number of measurements the sample mean is at 
best an approximation of the true value and could in fact be way off (e.g., if there is something 
wrong with the instruments or procedures used to measure X). 
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SOLUTION 


Let Y be the number of bad batches produced per week, and suppose that QA test results for a 
12 -week base period are as follows: 


Week 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

— 

12 

Y 

17 

27 

18 

18 

23 

19 

18 

21 

20 

_ 

19 

21 

18 


The company policy is to regard the process operation as normal as long as the number of bad 
batches produced in a week is no more than three standard deviations above the mean value for 
the base period (i.e., as long as Y < Y + 3s Y ). If Y exceeds this value, the process is shut down for 
remedial maintenance (a long and costly procedure). Such large deviations from the mean might 
occur as part of the normal scatter of the process, but so infrequently that if it happens the existence 
of an abnormal problem in the process is considered the more likely explanation. 

1. How many bad batches in a week would it take to shut down the process? 

2. What would be the limiting value of Y if two standard deviations instead of three were used 
as the cutoff criterion? What would be the advantage and disadvantage of using this stricter 
criterion? 


1. From Equations 2.5-1,2.5-3, and 2.5-4, the sample mean, sample variance, and sample standard 
deviation of Y during the base period are 

_ j u 

Y ~ + 27 + • • • + 18) = 19.9 batches/wk 

4 = jj[(17 - 19.9) 2 + (27 - 19.9) 2 + — + (18 - 19.9) 2 ] = 7.9 (batches/wk) 2 
sy = -Jt9 = 2.8 batches/wk 


The maximum allowed value of Y is 


2 . 


Y + 3s Y = 19.9 + (3)(2.8) = 


28.3 


If 29 or more bad batches are produced in a week, the process must be shut down for mainte¬ 


nance. 

Y + 2s y = 19.9 + (2)(2,8) = [253]. If this criterion were used, 26 bad batches in a week would 
be enough to shut down the process. The advantage is that if something has gone wrong with the 
process the problem will be corrected sooner and fewer bad batches will be made in the long 
run. The disadvantage is that more costly shutdowns may take place when nothing is wrong, 
the large number of bad batches simply reflecting normal scatter in the process. 


2.6 DIMENSIONAL HOMOGENEITY 
AND DIMENSIONLESS QUANTITIES 

We began our discussion of units and dimensions by saying that quantities can be added and 
subtracted only if their units are the same. If the units are the same, it follows that the dimen¬ 
sions of each term must be the same. For example, if two quantities can be expressed in terms 
of grams/second, both must have the dimension (mass/time). This suggests the following rule: 

E very valid equation must be dimensionally homogeneous: that is, all additive terms on both 
sides of the equation must have the same dimensions. 

Consider the equation 

a(m/s) - « 0 (ro/s) + g(m/s 2 )t(s) (2.6-1) 

This equation is dimensionally homogeneous, since each of the terms u, u 0 , and gt has the same 
dimensions (length/time). On the other hand, the equation u = u 0 + g is not dimensionally 
homogeneous (why not?) and therefore cannot possibly be valid. 
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Equation 2.6-1 is both dimensionally homogeneous and consistent in its units, in that each 
additive term has the units m/s. If values of «o, g , and t with the indicated units are substituted 
into the equation, the addition may be carried out to determine the value of u. If an equation 
is dimensionally homogeneous but its additive terms have inconsistent units, the terms (and 
hence the equation) may be made consistent simply by applying the appropriate conversion 
factors. 

For example, suppose that in the dimensionally homogeneous equation u = « 0 + gt it is 
desired to express the time (r) in minutes and the other quantities in the units given above. The 
equation can be written as 

«(m/s) = uo(mls) + g(m/s 2 )f(min)(60s/min) 

= u 0 + 60 gt 

Each additive term again has units of m/s (verify this), so the equation is consistent. 

The converse of the given rule is not necessarily true—an equation may be dimensionally 
homogeneous and invalid. For example, if M is the mass of an object, then the equation M = 
2 M is dimensionally homogeneous, but it is also obviously incorrect except for one specific 
value of M. 


EXAMPLE2L&1^ Dimensional Homogeneity 


Consider the equation 

D(ft) = 3r(s) - 4 

1. If the equation is valid, what are the dimensions of the constants 3 and 4? 

2. If the equation is consistent in its units, what are the units of 3 and 4? 

3. Derive an equation for distance in meters in terms of time in minutes. 


SOLUTION 


1. For the equation to be valid, it must be dimensionally homogeneous, so that ea ch term mus t 
have the dimension of length. The constant 3 must therefore have the dimension |length/timej , 
and 4 must have the dimension ilengthj . 

2. For consistency, the constants must be |3 ft/sj and 4 ft| . 

3. Define new variables D'(m) and f'(min). The equivalence relations between the old and new 
variables are 


D(ft) = 


*(s) = 


D‘( m) 

3.2808 ft 


1 m 


r'(min) | 

60s 


1 min 


= 3.28D' 


60f' 


Substitute these expressions in the given equation 

3.28D' = (3)(60O + 4 


and simplify by dividing through by 3.28 

D'(rn) = 55f'(min) + 1.22 


Exercise: What are the units of 55 and 1.22? 


Example 2.6-1 illustrates a general procedure for rewriting an equation in terms of new 
variables having the same dimensions but different units: 

1. Define new variables (e.g., by affixing primes to the old variable names) that have the 
desired units. 
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EXAMPL 


SOLUTION 


2. Write expressions for each old variable in terms of the corresponding new variable. 
Substitute these expressions in the original equation and simplify. 

A dimensionless quantity cat, be a pure number (2,1.3, f) or a multiplicative combination 
of variables with no net dimensions: 

^(g) P(cm)n(cm/s)p(g/cm 3 ) 

Mo(g) /4g/(cm-s)j 

A quantity such as M,/M 0 or Du p/p. is also called a dimensionless group. 

Exponents (such as the 2 in X 2 ), transcendental functions (such as log, exp ■ e, and sin) and 

a ZT mU f[ ra P sce ^ ema ‘J unc ' i ^ (“<* « X in sin X) mus, be dimensionless quantities. 
For example, 10* makes perfect sense, but ltf »is meaningless, as is log (20 s) or sin (3 dynes). 

Dimensional Homogeneity and Dimensionless Groups 

A quantity k depends on the temperature T in the following manner: 

\cm*-sj 1.98777 

2d l U 987?° f thC qUandty arC Cal/m01 ’ 3nd T ‘ S “ K (kelvij1 )' What ar e the units of 1.2 X 10 s 

Since the equation must be consistent in its units and exp is dimensionless, 1.2 x 10 s should have the 
same units as *, molW -s). Moreover, since the argument of exp must be dimensionless we can 


The answers are thus 


20,000 cal 

1 

mol-K 

mol j 

T( K) 

(All units cancel) 

1.987 cal 

I 1.2 x 10 5 mol/(cm 

3 -s) and 1.987 cal/(mol-K) 


TEST 

YOURSELF 
(Answers, p. 655) 


1. What is a dimensionally homogeneous equation? If an equation is dimensionally homo- 
mogeneous? nCCeSSanly Vahd? If an e 9 uation is valid, is it necessarily dimensionally ho- 

2. If y(m/s 2 ) = az(m 3 ), what are the units of a? 

3. What is a dimensionless group? What multiplicative combination of r(m), S (m/s 2 ), and 
/(s) would constitute a dimensionless group? 

4. If s(lbf) = a sin (Q), what are the units of a and Q1 


2.7 PROCESS DATA REPRESENTATION AND ANALYSIS 


The operation of any chemical process is ultimately based on the measurement of process 
vanables-temperatures, pressures, flow rales, concentrates, and so on. It is sometimes pos¬ 
sible to measure these variables directly, but, as a rule, indirect techniques must be used. 

Suppose, for example, that you wish to measure the concentration, C, of a solute in a solu- 
non. To do so you normally measure a quantity, X-such as a thermal or electrical conductivity 
a hght absorbance or the volume of a titer-that varies in a known manner with C, and then 
calculate C from the measured value of X. The relationship between C and X is determined in 
a separate cal,bration experiment in which solutions of known concentration are prepared and 
a is measured for each solution. F v 

anotSrvMiable^c -brati0n eXperiment “ whkh a variable >>MS measured for several values of 
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y y y 



(a) U>) Ic) 

Figure 2.7-1 Representative plots of experimental data. 


X 

1.0 

2.0 

3.0 

4.0 

y 

0.3 

0.7 

i--- 

1.2 

1.8 


In the terms of the first paragraph, y might be a reactant concentration or some other process 
variable and x would be a readily measured quantity (such as conductivity) whose value cor¬ 
relates with the value of y. Our object is to use the calibration data to estimate the value of y 
for a value of x between tabulated points (interpolation) or outside the range of the table data 

(extrapolation). 

A number of interpolation and extrapolation methods are commonly used, including two- 
point linear interpolation, graphical interpolation, and curve fitting. Which one is most appro¬ 
priate depends on the nature of the relationship betweenx and y. 

Figure 2.7-1 shows several illustrative ( x , y) plots. If the plot of a given data set looks like 
that shown in plot (a) or ( b ) of this figure, a straight line would probably be fitted to the data 
and used as the basis for subsequent interpolation or extrapolation. On the other hand, if the 
plot is distinctly curved as in plot (c), a curve could be drawn in by inspection and used as the 
basis of interpolation, or straight-line segments could be fitted to successive pairs of points, or 
a nonlinear function y(x) that fits the data could be sought. 

The technique of drawing a line or curve through the data by inspection is self-explanatory. 
The other methods are reviewed in the sections that follow. 


2.7a 


Two-Point Linear Interpolation 

The equation of the line through (xi, >*i) and (x 2 , y 2 ) on a plot of y versus x is 

x-xi 

y = yi + - - —{yz - yi) 

X2 “ Xi 


(2.7-1) 


(Can you prove it?) You may use this equation to estimate y for an x between x\ and x 2 ; you 
may also use it to estimate y for an x outside of this range (i.e., to extrapolate the data), but 
with a much greater risk of inaccuracy. 

If the points in a table are relatively close together, linear interpolation should provide 
an accurate estimate of y for any x and vice versa; on the other hand, if the points are widely 
separated or if the data are to be extrapolated, one of the curve-fitting techniques to be outlined 
in the next section should be used. 


1. Values of a variable {/) are measured at several times (f): 


/ 

1 

4 

8 

t 

1 

2 

3 


Show that if two-point linear interpolation is used (a) f{t = 1.3) ** 1.9; (b) /(/ = 5) ** 
2.25. 


TEST 

YOURSELF 
(Answers, p. 655) 
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2. If a function y(x) appears as shown in each of the diagrams shown below, would two-point 
linear interpolation yield estimates of y that are too high, too low, or correct? If the two- 
point linear interpolation formula (Equation 2.7-1) were used to estimate y(x 3 ) from the 

abulated values of (jc t , yi) and (x 2 ,y 2 ) in plot (6), would the estimated value be too high 
or too low? 5 


•--True function 

J 

• Tabulated point 



.— V 




- ^ 1 

y\ 

. X 

•*r - | ; 


*1 *z *3 

(a) (b) ic) 

2.7b Fitting a Straight Line 

A convenient way to indicate how one variable depends on another is with an equation: 
y = 3x +4 
y - 4.24(x - 3) 2 - 23 
y = 1-3 X 10 7 sin(2;t)/(jr 1/2 + 58.4) 

If you have an analytical expression for y(x) like those shown above, you can calculate y for any 
given x or (with a somewhat greater effort) determine r for any given y, or you can program 
a computer to perform these calculations. P g 

Suppose the values of a dependent variable y have been measured for several values of 
an independent variable *, and a plot of y versus * on rectangular coordinate axes yields what 

xTnTv is*then Straight 1116 6qUati ° n yoU wou,d use to re Present the relationship between 

y = ax+ h (2.1-2) 

If the points show relatively little scatter, like those in Figure 2.71a, a line may then be drawn 
through them by inspect,on, and if (xi,*) and (* 2 , y 2 ) are two points-which may or may not 
be data points—on the line, then 7 

„ _ yi ~ >'i 


Slope: 

Intercept: 


(2.7-3) 


(2.7-4) 


x 2 ~ *1 
■■ y\ - ax i 
■ ~ yi ~ ax 2 

Once a has been calculated from Equation 2.7-3 and b has been determined from either of 
Equauons 2.7-4 it ts good practice to check the result by verifying that Equation 2.7-2 is satis- 
tied at the point—(jq, y t ) or (x 2 , y 2 )~not used in the calculation of b. 


EXAMPLE 2.7-1! Fitting a Straight Line to Flowmeter Calibration Data 


Rotameter calibration data (flow rate versus rotameter reading) are as follows: 


Flow Rate 
V^L/min) 

Rotameter Reading 
R 

20.0 

10 

52.1 

30 

84.6 

50 

118.3 

70 

151.0 

90 
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SOLUTION 


1. Draw a calibration curve and determine an equation for V{R)- 

2. Calculate the flow rate that corresponds to a rotameter reading of 36. 

1. The calibration curve appears as follows: 



A line drawn through the data by visual inspection passes through the points (R t - 10, 
Vi = 20) and (R 2 = 60, V 2 = 101). Therefore, 

V = aR + b (Since the data fall on a line) 


i>, - Vi 

R2-R1 


101 - 20 
60-10 


1.62 (From Equation 2.7-3) 


b = Vi - aRi = 20 - (1.62)(10) = 3.8 (From Equation 2.7-4) 
The result is, therefore, 

V - 1.62 R + 3.8 \ 

Check: At point (2), 

aR 2 + b = (1.62)(60) + 3.8 = 101 = \> 2 
2, At R = 36, V = (1.62)(36) + 3.8 = [62.1 L/min|. 


2.7c Fitting Nonlinear Data 

During a recent week at a major university, 423 experimenters separately measured and plotted 
data and found that their data points did not lie on straight points: 416 of these people shrugged 
their shoulders, said “Close enough,” and drew a line anyway; and the other seven went about 
finding an equation other than y — ax + b to relate the variables. 

Fitting a nonlinear equation (anything but y = ax + b) to data is usually much harder 
than fitting a line; however, with some nonlinear equations you can still use straight-line fitting 
if you plot the data in a suitable manner. Suppose, for example, that x and y are related by the 
equation y 2 = ax 3 + b. A plot of measured y versus x data would clearly be curved: however, 
a plot of y 2 versus x 3 would be a straight line with a slope a and intercept b. More generally, if 
any two quantities are related by an equation of the form 

(Quantity 1) = a (Quantity 2) + b 

then a plot of the first quantity (v 2 in the above example) versus the second (x 3 ) on rectangular 
coordinates yields a straight line with slope a and intercept b. 

Here are several additional examples of plots that yield straight lines: 

1. y = ax 2 + b. Plot y versus x 2 . 

2. y 2 = - + b. Plot y 2 versus j. 

3. 1 = a(x + 3) + b. Plot y versus (x + 3). 

4. sin y = a(x 2 - 4). Plot sin y versus (x 2 - 4). The line through the data must be drawn 
through the origin. (Why?) 
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Even if the original equation is not in a proper form to generate a linear plot, you can 
sometimes rearrange it to get it into such a form: 


5. y = 


Cix - Ci 


= C x x - C 2 


Plot i versus x. Slope = C u intercept = ~C 2 . 


6. y = l + x(mx 2 + n) 1 ' 2 =S> = mx 2 + „ 

(y - I) 2 

pj ot -_— versus x 2 . Slope = m, intercept = n. 


EXAMPLE 2.7-2; 

---i-J 


Let us summarize the procedure. If you have (x, y) data that you wish to fit with an equation 
that can be written in the form f(x, y) = ag(x, y) + b, 

1. Calculate f(x, y) and g(x, y) for each tabulated (x, y) point, and plot / versus g. 

2. If the plotted points fall on a straight line, the equation fits the data. Choose two points on 
the line (g u /*) and ( g 2 , f 2 )—and calculate a and b as outlined in the previous section. 

fz~ A 

° 92 ~ Si b ~ h~ a 9\ or b = A~ ag 2 

Linear Curve-Fitting of Nonlinear Data 


A mass flow rate m( g/s) is measured as a function of temperature T(°C). 


T 

10 

20 

40 

80 

m 

14.76 

20.14 

27.73 

38.47 


There is reason to believe that m varies linearly with the square root of T: 

m = aT 1 ’ 2 + b 

Use a straight-line plot to verify this formula and determine a and b. 


SOLUTION 


If the formula is correct, a plot of m versus T 1 ' 2 should be linear, with slope = a and intercept = 
b. The data table is augmented by adding a T 122 row: 


T 

10 

20 

40 

80 

jl/2 

3.162 

4.472 

6.325 

8.944 

m 

14.76 

20.14 

27.73 

38.47 


and m is plotted versus T l/Z . 



Since the plot is linear, the proposed formula is verified. A line drawn through the data points passes 
through the first and last points, so these points may be used to calculate the slope and intercept: 
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rh - 

= aT 12 

+ b 



(T'r 

= 3 . 162 , m { = 14 . 76 ) 


\ 


= 8 . 944 , m 2 = 38 . 47 ) 



m? - m, 38.47 - 14.76 

Slope: 

a = - 
7 

.1/2 T \ 

2 1 1 

[ /2 8.944-3.162 

Intercept: 

b — rhi — aT\ 

2 = 14.76 - (4.10)(3. 

(verify the units), so that 




= 4.10g/(s-°C i/2 ) 


m = 4.l0r ,/2 + 1.80 


Check: At point (2), 4.10r 2 ,/2 + 1.80 = (4.10)(8.944) + 1.80 = 38.47 = m 2 . 


Two nonlinear functions that often occur in process analysis are the exponential function, y = 
ae bx [or y = a exp (bx)], where e « 2.7182818, and the power law, y = ax b . Before we describe 
how the parameters of these functions may be determined by linear curve-fitting, let us review 
some algebra. 

The natural logarithm (In) is the inverse of the exponential function: 

P = e Q 4=> ln/> = Q (2.7-5) 


It follows that 

Infe* 2 ] = Q and e ln/> = P (2.7-6) 

The natural logarithm of a number may be calculated from the common logarithm (log 10 or 
just log) using the relation 

In x = 2.302585 log 10 x (2.7-7) 


The familiar rules for taking logarithms of products and powers are applicable to natural 
logarithms: if y = ax then In y = In a + In x, and if y = x b then In y = b In x. These properties 
suggest ways to fit exponential and power law functions to (x, y) data: 


y = a exp(bx) =£ Iny = In a + bx 
. Plot In y versus x. Slope = b, intercept = Ina.J 
f y = ax b => In y = In a + b In x 
l Plot In y versus lnx. Slope = b, intercept = lna. J 
Once you have determined In a as the intercept of either of these plots, you can calculate a 
from Equation 2.7-6 as exp (Ina); for example, if lna = 3.00, then a = exp (3.00) = 20.1. 


(2.7-8) 


(2.7-9) 


TEST 

YOURSELF 
(Answers, p, 655) 


1. The following plot is generated from experimental (x, y) data: 

/ 


.r 2 - 2 


What equation would you use to relate x and y ? 

2. How would you plot (x, y) data to get a straight line, and how would you determine a and 
b for each of the following functions? 

(a) y = ajx + b 

Solution: Plot y versus Jx\ let (^/xT.yi) and ( Jxi.yt) be two points on the line; 
calculate a = (y 2 - yi)/( Jx j - ,/^T)* b = y x - a Jx{ 
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(b) l/y = a(x - 3) 2 + b (e) y = ae bx 

(c) y = (ax 1 - b) l/3 (f) y = ax b 

(d) sin (y) = x(ax + b )~ 2 

2.7d Logarithmic Coordinates 

Suppose you wish to fit an exponential function y = a exp (bx) to measured (x,y) data. 
If there are many data points, calculating the logarithm of each y value (needed to plot 
In y versus x) could take more time than the fitting procedure itself. However, suppose that an 
additional scale were drawn parallel to the In y axis, on which values of y were shown adjacent 
to the corresponding values of In y on the first scale. (See Figure 2.7-2.) Now, instead of having 
to calculate Iny for each tabulated y to locate the data points on the graph, you can find the 
y values on the second scale and locate the points directly. If the same type of scale (called a 
logarithmic scale) were drawn parallel to the other axis, you could also plot In x values with¬ 
out having to calculate them from tabulated x values. A plot with logarithmic scales on both 
axes is called a log plot, and a plot with one logarithmic and one rectangular (equal interval) 
axis is called a semilog plot. Log paper is graph paper with logarithmic scales on both axes, 
and semilog paper has one logarithmic axis and one rectangular axis. Most computer plotting 
packages allow selection of log or semilog scales as alternatives to rectangular scales. 

When you plot values of a variable y on a logarithmic scale you are in effect plotting the 
logarithm of y on a rectangular scale. Suppose, for example, that y and * are related by the 
equation y = a exp (bx) (In y = In a + bx). To determine a and b you may plot y versus x on a 
semilog plot, choosing two points (x^y,) and (x 2 , y 2 ) on the resulting line, or you may plot In v 
versus x on rectangular axes, drawing the line through the corresponding two points (x,,ln y,) 
and (x 2 , In y 2 ). In either case, b and a are obtained as 

b - kft-?i _ InQs/yi) 

x 2 ~ x \ x 2 ~ x l 

In a = In y 2 — bx\ 

or =» [a = exp (In a)] 

In a = In y 2 - bx 2 

In summary, 

1. If y versus x data appear linear on a semilog plot, then In y versus x would be linear on 
a rectangular plot, and the data can therefore be correlated by an exponential function 
y = a exp (bx). (See Equation 2.7-8.) 



Figure 2.7-2 Construction of a 
logarithmic scale. 



2.7 Process Data Representation and Analysis 29 



SOLUTION 


TEST 

YOURSELF 
(Answers, p. 655) 


2. If y versus x data appear linear on a log plot, then In y versus In x would be linear on a 
rectangular plot, and the data can therefore be correlated by a power law y = ax b . (See 
Equation 2.7-9.) 

3. When you plot values of a variable z on a logarithmic axis and your plot yields a straight 
line through two points with coordinate values zj and z 2 . replace z 2 — z\ with In (zi'Z\) 
(= In z 2 - ln 2l ) in the formula for the slope. 

4. Do not plot values of In zona logarithmic scale and expect anything useful to result. 


Curve Fitting on Semilog and Log Plots 

A plot of F versus t yields a line that passes through the points (f, = 15, Ft = 0.298) and 
(h — 30, Fn = 0.0527) on (1) a semilog plot and (2) a log plot. For each case, calculate the equation 
that relates F and t. 

1. Semilog plot 

InF = bt + In a (since the plot appears linear) 

11 

F = ae bt 

ln(0.g27/0.29 8 ) , 
t 2 - h (30 - 15) 

Ina = InF, - bt x = In(0.298) + (0.1155)(15) = 0.5218 

I 

a = exp (0.5218) = 1.685 
or 


F = 1.685 exp (~0.1155r) 

Check: F(t 2 ) = 1.685 exp (-0.1155 X 30) = 0.0527. 

2. Log plot 

InF = 

11 

F = 

b = 

Ina = 

I 

a = 
or 

f = 260 r 2 - 5 


b In t + Ina (since the plot appears linear) 

at b 

ln(Fz/Fi) _ In (0.0527/0,2 98) _ 

In (f 2 /f t ). In (30/1.5) 

In F x -b In = In (0.298) + 2.5 In (15) = 5.559 
exp (5.559) = 260 


Check: F(t t ) = 260(30)-’ 5 = 0.0527. 


1. The following plots yield straight lines. What are the equations that relate the variables? 

(a) P versus t on rectangular coordinates. 

(b) P (logarithmic axis) versus t on a semilog plot. 
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(c) P versus t on a log plot. 

(d) y 2 - 3 (logarithmic axis) versus l/.r 2 on a semilog plot. (Express the answer as an 
exponential function.) 

(e) l/F versus t 2 - 4 on a log plot. (Express the answer as a power law.) 

2. What would you plot against what on what kind of axes to get a straight line for the fol¬ 
lowing relationships (a and b are constants)? 

(a) P = a exp (bt) (c) P 2 = exp (aP + b) 

(b) P = aP (d) Up = a{t - 4)~ b 


2.7e Fitting a Line to Scattered Data 

There is little problem fitting a line to data that look like this: 


y • 


Life being the way it is, however, you are much more Likely to come up with something more 
like this: 


When data points are as scattered as these, you can draw any number of lines that appear to 
fit the points equally well (or equally poorly, depending on your point of view). The question 
is which line to use. 

A number of statistical techniques exist for fitting a function to a set of scattered data. 
The application of the most common of these techniques —linear regression or the method of 
least squares to the fitting of a straight line to a series of y versus x data points is outlined 
and illustrated in Appendix A.l, and the use of this technique is required for the solution of 
Problems 2.39 through 2.42 at the end of this chapter. 


2.8 SUMMARY 


This chapter introduces some fundamental problem-solving tools that you will need in the rest 
of this course, in subsequent engineering and science courses, and almost every time in your 
career when you perform mathematical calculations. The main points of the chapter are as 
follows. 

• You can convert a quantity expressed in one set of units into its equivalent in other dimen¬ 
sionally consistent units using conversion factors, like those in the table on the inside front 
cover of the text. 

• A weight is the force exerted on an object by gravitational attraction. The weight of an object 
of mass m may be calculated as W = mg, where g is the acceleration of gravity at the location 
of the object. At sea level on the earth, g = 9.8066 tals~ — 32.174 ft/s 2 . To convert a weight 
(or any force) in natural units like kg-m/s 2 or lb m 'ft/s 2 to its equivalent in a derived force unit 
like N or Ibf, use the conversion factor table. 

• The significant figures (s.f.) with which a number is reported specify the precision with which 
the number is known. For instance, x = 3.0 (2 s.f.) states that x is somewhere between 2.95 
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and 3.05, while x — 3.000 (4 s.f.) states that it is between 2.9995 and 3.0005. When you mul¬ 
tiply and divide numbers, the number of significant figures of the result equals the lowest 
number of significant figures of any of the factors. In complex calculations, keep the maxi¬ 
mum number of significant figures until the final result is obtained, then round off. 

• If X is a measured process variable, the sample mean of a set of measured values, X, is the 
average of the set (the sum of the values divided by the number of values). It is an estimate 
of the true mean, the value that would be obtained by averaging an infinite number of mea¬ 
surements. The sample variance of the set, s\, is a measure of the spread of the measured 
values about the sample mean. It is calculated from Equation (2.5-3). The sample standard 
deviation, s\, is the square root of the sample variance. 

• If X and sx are determined from a set of normal process runs and a subsequently measured 
value of X falls more than 2 s\ away from X , the chances are that something has changed in 
the process—there is less than a 10% chance that normal scatter can account for the devia¬ 
tion. If the deviation is greater than 3 sx, there is less than a 1% chance that normal scatter is 
the cause. The exact percentages depend on how the measured values are distributed about 
the mean—whether they follow a Gaussian distribution, for example—and how many points 
are in the data set used to calculate the mean and standard deviation. 

• Suppose you are given a set of values of a dependent variable, y, corresponding to values 
of an independent variable, x, and you wish to estimate y for a specified x . You can either 
assume a straight-line dependence for the two data points that bracket the specified x and 
use two-point linear interpolation (Equation 2.7-1) or fit a function to the data points and 
use it for the desired estimation. 

• If ( x ,y ) data appear to scatter about a straight line on a plot of y versus x , you may fit a line 
using Equations (2.7-3) and (2.7-4) or, for greater precision and an estimate of the goodness 
of the fit, use the method of least squares (Appendix A. 1), If a plot of y versus x is nonlinear, 
you may try to fit various nonlinear functions by plotting functions of x and y in a manner 
that should yield a straight line. For example, to fit a function v 2 = ajx + b to (x ,y ) data, plot 
y 2 versus 1/ x. If the fit is good, the plot should be a straight line with slope a and intercept b. 

• Plotting y (log scale) versus x (linear scale) on a semilog plot is equivalent to plotting In y 
versus x on rectangular axes. If the plot is linear in either case, x and y are related by an 
exponential function, y = ae bx . 

• Plotting y versus x on logarithmic axes is equivalent to plotting In y versus lnx on rectangular 
axes. If the plot is linear in either case, x and y are related by a power law function, y = ax b . 


2.1. Using dimensional equations, convert 

(a) 3 wk to milliseconds. (c) 554m 4 /(day-kg) to cm 4 /(min-g). 

(b) 38.1 ft/s to miles/h. 

2 J2. Using the table of conversion factors on the inside front cover, convert 

(a) 760 miles/h to m/s. (c) 5.37 x 10 3 kJ/min to hp. 

(b) 921 kg/m 3 to lb m /ft 3 . 

23. Using a single dimensional equation, estimate the number of golf balls it would take to fill your 
classroom. 

2.4. Using a single dimensional equation, estimate the number of steps it would take you, walking at your 
normal stride, to walk from the Earth to Alpha Centauri, a distance of 4.3 light-years. The speed of 
light is 1.86 x 10 5 miles/s. 

23. A frustrated professor once claimed that if all the reports she had graded in her career were stacked 
on top of one another, they would reach from the Earth to the moon. Assume that an average report 
is the thickness of about 10 sheets of printer paper and use a single dimensional equation to estimate 
the number of reports the professor would have had to grade for her claim to be valid. 

2.6. You are trying to decide which of two automobiles to buy. The first is American-made, costs $14,500, 
and has a rated gasoline mileage of 28 miles/gal. The second car is of European manufacture, costs 
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$21,700, and has a rated mileage of 19 km/L. If the cost of gasoline is $1.25/gal and if the cars actually 
deliver their rated mileage, estimate how many miles you would have to drive for the lower fuel 
consumption of the second car to compensate for the higher cost of this car? 

A supersonic aircraft consumes 5320 imperial gallons of kerosene per hour of flight and flies an 
average of 14 hours per day. It takes roughly seven tons of crude oil to produce one ton of kerosene. 
The density of kerosene is 0.965 g/cm 3 . How many planes would it take to consume the entire annual 
world production of 4.02 X 10 9 metric tons of crude oil? 

Calculate 

(a) the weight in lb £ of a 25.0-lb m object. 

(b) the mass in kg of an object that weighs 25 newtons. 

(c) the weight in dynes of a 10-ton object (not metric tons), 

A waste treatment pond is 50 m long and 15 m wide, and has an average depth of 2 m. The density of 
the waste is 85.3 lb m /ft 3 . Calculate the weight of the pond contents in lb f , using a single dimensional 
equation for your calculation. 

Five hundred lb m of nitrogen is to be charged into a small metal cylinder at 25°C, at a pressure such 
that the gas density is 11.5 kg/m J . Without using a calculator, estimate the required cylinder volume. 
Show your work. 


2.11. According to Archimedes’ principle, the mass of a floating object equals the mass of the fluid dis¬ 
placed by the object. Use this principle to solve the following problems. 

(a) A wooden cylinder 30.0 cm high floats vertically in a tub of water (density = 1.00 g/cm 3 ). The 
top of the cylinder is 14.1 cm above the surface of the liquid. What is the density of the wood? 

(b) The same cylinder floats vertically in a liquid of unknown density. The top of the cylinder is 
20.7 cm above the surface of the liquid. What is the liquid density? 

2.12. A right circular cone of base radius R, height H, and known density p, floats base down in a liquid 
of unknown density p f . A height h of the cone is above the liquid surface. Derive a formula for 
Pf in terms of p s , R, and h/H, simplifying it algebraically to the greatest possible extent. [Recall 
Archimedes’ principle, stated in the preceding problem, and note that the volume of a cone equals 
(base area)(height)/3.] 

2.13. A horizontal cylindrical drum is 2.00 m in diameter and 4.00 m long. The drum is slowly filled with 
benzene (density = 0.879 g/cm 3 ). Derive a formula for W, the weight in newtons of the benzene in 
the tank, as a function of h, the depth of the liquid in centimeters. 



2.14. A poundai is the force required to accelerate a mass of 1 lb m at a rate of 1 ft/s 2 , and a slug is the mass 
of an object that will accelerate at a rate of 1 ft/s 2 when subjected to a force of 1 lb f . 

(a) Calculate the mass in slugs and the weight in poundals of a 175 lb m man (i) on earth and (ii) on 
the moon, where the acceleration of gravity is one-sixth of its value on earth. 

(b) A force of 355 poundals is exerted on a 25.0-siug object. At what rate (m/s 2 ) does the object 
accelerate? 

2.15. The fern is defined as the unit of force required to accelerate a unit of mass, called the bung, with the 
gravitational acceleration on the surface of the moon, which is one-sixth of the normal gravitational 
acceleration on earth. 

(a) What is the conversion factor that would be used to convert a force from the natural unit to the 
derived unit in this system? (Give both its numerical value and its units.) 

(b) What is the weight in ferns of a 3-bung object on the moon? What does the same object weigh 
in Lizard Lick, North Carolina? 

2.16. Perform the following calculations. In each case, first estimate the solution without using a calculator, 
following the procedure outlined in Section 2.5b, and then do the calculation, paying attention to 
significant figures. 

(a) (2.7)(8.632) (c) 2.365 + 125.2 

(b) (3.600 x 10 -4 )/45 (d) (4.753 x 10 4 ) - (9 x 10 2 ) 
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2.17. The following expression has occurred in a problem solution: 

(0.6700)(264,980)(6)(5.386 x 10 4 ) 

R ~ (3.14159X0.479 X 10 7 ) 

The factor 6 is a pure integer. Estimate the value of R without using a calculator, following the 
procedure outlined in Section 2.5b. Then calculate R, expressing your answer in both scientific and 
decimal notation and making sure it has the correct number of significant figures. 

Two thermocouples (temperature measurement devices) are tested by inserting their probes in boil¬ 
ing water, recording the readings, removing and drying the probes, and then doing it again. The 
results of five measurements are as follows: 

I r(° C)—-Thermocouple A j 72.4 | 7 3.1 [ 72.6 j 72.8 [ 73.0 

i F(°C)—Thermocouple B i 97.3 i 101.4 i 98.7 I 103.1 I 100.4 I 

i-i-1_ I i i _1 

(a) For each set of temperature readings, calculate the sample mean, the range, and the sample 
standard deviation. 

(b) Which thermocouple readings exhibit the higher degree of scatter? Which thermocouple is more 
accurate? 

2.19. Product quality assurance (QA) is a particularly tricky business in the dye manufacturing industry. 
A slight variation in reaction conditions can lead to a measurable change in the color of the prod¬ 
uct, and since customers usually require extremely high color reproducibility from one shipment to 
another, even a small color change can lead to rejection of a product batch. 

Suppose the various color frequency and intensity values that comprise a color analysis are com¬ 
bined into a single numerical value. C, for a particular yellow dye. During a test period in which the 
reactor conditions are carefully controlled and the reactor is thoroughly cleaned between successive 
batches (not the usual procedure), product analyses of 12 batches run on successive days yield the 
following color readings: 


Batch 

1 | 2 

3 

4 

5 

1 

6 

7 

8 

9 

10 | 11 

12 

C 

74.3 171.8 

: 

72.0 

73.1 

75.1 

72.6 

75.3 

1 

73.4 

74.8 

72.6 73.0 

73.7 


(a) The QA specification for routine production is that a batch that falls more than two standard 
deviations away from the test period mean must be rejected and sent for reworking. Determine 
the minimum and maximum acceptable values of C. 

(b) A statistician working in quality assurance and a production engineer are having an argument. 
One of them, Frank, wants to raise the QA specification to three standard deviations and the 
other, Joanne, wants to lower it to one. Reworking is time-consuming, expensive, and very un¬ 
popular with the engineers who have to do it. Who is more likely to be the statistician and who 
the engineer? Explain. 

(c) Suppose that in the first few weeks of operation relatively few unacceptable batches are pro¬ 
duced, but then the number begins to climb steadily. Think of up to five possible causes, and 
state how you might go about determining whether or not each of them might in fact be respon¬ 
sible for the drop in quality. 

*2.20. Your company manufactures plastic wrap for food storage. The tear resistance of the wrap, denoted 
by X, must be controlled so that the wrap can be torn off the roll without too much effort but it does 
not tear too easily when in use. 

In a series of test runs, 15 rolls of wrap are made under carefully controlled conditions and 
the tear resistance of each roll is measured. The results are used as the basis of a quality assurance 
specification (see Problem 2.19). If X for a subsequently produced roll fails more than two stan¬ 
dard deviations away from the test period average, the process is declared out of specification and 
production is suspended for routine maintenance. 


• 

Equipment 

Encyclopedia 

thermocouple 


♦Computer problem. 
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The test series data are as follows: 


Roll 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

13 

14 

15 

X 

134 

1311 

129 

133 

135 

131 

134 

130 

131 

136 

129 

130 

133 

130 

133 


(a) Write a spreadsheet to take as input the test series data and calculate the sample mean (X) and 
sample standard deviation (sx), preferably using built-in functions for the calculations. 

(b) The following tear resistance values are obtained for rolls produced in 14 consecutive production 
runs subsequent to the test series: 128,131,133,130,133,129,133,135,137,133,137,136,137, 
139. On the spreadsheet (preferably using the spreadsheet plotting capability), plot a control 
chart of X versus run number, showing horizontal lines for the values corresponding to X, X - 
2s\, and X + 2s x from the test period, and show the points corresponding to the 14 production 
runs. (See Figure 2.5-2.) Which measurements led to suspension of production? 

(c) Following the last of the production runs, the chief plant engineer returns from vacation, exam¬ 
ines the plant logs, and says that routine maintenance was clearly not sufficient and a process 
shutdown and full system overhaul should have been ordered at one point during the two weeks 
he was away. When would it have been reasonable to take this step, and why? 

2.21. A variable, Q, is reported to have a value of 2.360 X 10~ 4 kg m 2 /h. 

(a) Write a dimensional equation for Q\ the equivalent variable value expressed in American en¬ 
gineering units, using seconds as the unit for time. 

(b) Estimate Q' without using a calculator, following the procedure outlined in Section 2.5b. (Show 
your calculations.) Then determine Q' with a calculator, expressing your answer in both scientific 
and decimal notation and making sure it has the correct number of significant figures. 

2.22. The Prandtl number, N ?t , is a dimensionless group important in heat transfer calculations It is 
defined as C p pf *, where C p is the heat capacity of a fluid, p is the fluid viscosity, and k is the 
thermal conductivity. For a particular fluid, C p = 0.583 J/(g-°C), k = 0.286 W/(m-°C), and p = 
1936 lb m /(ft-h). Estimate the value of without using a calculator (remember, it is dimension¬ 
less), showing your calculations; then determine it with a calculator. 

2.23. The Reynolds number is a dimensionless group defined for a fluid flowing in a pipe as 

Re = Dupj p 

where D is pipe diameter, u is fluid velocity, p is fluid density, and p is fluid viscosity. When the value 
of the Reynolds number is less than about 2100, the flow is laminar —that is, the fluid flows in smooth 
streamlines. For Reynolds numbers above 2100, the flow is turbulent , characterized by a great deal 
of agitation. 

Liquid methyl ethyl ketone (MEK) flows through a pipe with an inner diameter of 2.067 inches 
at an average velocity of 0.48 ft/s. At the fluid temperature of 20°C the density of liquid MEK is 
0.805 g/cnT and the viscosity is 0.43 centipoise [1 cP = 1.00 x 10“ 3 kg/(m-s)]. Without using a cal¬ 
culator, determine whether the flow is laminar or turbulent. Show your calculations. 

2.24. The following empirical equation correlates the values of variables in a system in which solid parti¬ 
cles are suspended in a flowing gas: 


/mV" 

VvpV 

\pd) 

l ~ 


Both (p/pD) and ( d p upj p) are dimensionless groups; k g is a coefficient that expresses the rate at 
which a particular species transfers from the gas to the solid particles; and the coefficients 2.00 and 
0.600 are dimensionless constants obtained by fitting experimental data covering a wide range of 
values of the equation variables. 

The value of k g is needed to design a catalytic reactor. Since this coefficient is difficult to deter¬ 
mine directly, values of the other variables are measured or estimated and k g is calculated from the 
given correlation. The variable values are as follows: 


d p = 5.00 mm 
y = 0.100 (dimensionless) 
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D = 0.100 cm 2 /s 
M = 1.00 X 10“ 5 N-s/m 2 
p - 1.00 X IQ -3 g/cm 3 
u = 10.0 m/s 

(a) What is the estimated value of kg' ? (Give its value and units.) 

(b) Why might the true value of k g in the reactor be significantly different from the value estimated 
in part (a)? (Give several possible reasons.) 

*(c) Create a spreadsheet in which up to five sets of values of the given variables (d p through u) are 
entered in columns and the corresponding values of k g are calculated. Test your program using 
the following variable sets: (i) the values given above; (ii) as above, only double the particle 
diameter d p (making it 10.00 mm); (iii) as above, only double the diffusivity D ; (iv) as above, 
only double the viscosity p; (v) as above, only double the velocity u. Report all five calculated 
values of k g . 

> 2.25. A seed crystal of diameter D (mm) is placed in a solution of dissolved salt, and new crystals are 

observed to nucleate (form) at a constant rate r (crystals/min). Experiments with seed crystals of 

different sizes show that the rate of nucleation varies with the seed crvstal diameter as 

r(crystais/min) = 200D - 1GD 2 (£> in mm) 

(a) What are the units of the constants 200 and 10? (Assume the given equation is valid and there¬ 
fore dimensionally homogeneous.) 

(b) Calculate the crystal nucleation rate in crystals/s corresponding to a crystal diameter of 0.050 
inch. 

(c) Derive a formula for r(crystals/s) in terms of D(inches). (See Example 2.6-1.) Check the formula 
using the result of part (b). 

2.26. The density of a fluid is given by the empirical equation 

P = 70.5 exp(8.27 x 10“ 7 F) 

where p is density (lb m /ft 3 ) and P is pressure (lbf/in. 2 ). 

(a) What are the units of 70.5 and 8.27 x 10 -7 ? 

(b) Calculate the density in g/cm 3 for a pressure of 9.00 x 10 6 N/m 2 . 

(c) Derive a formula for p(g/cm 3 ) as a function of P{ N/m 2 ). (See Example 2.6-1.) Check your result 
using the solution of part (b). 

22.1. The volume of a microbial culture is observed to increase according to the formula 

Wcm 3 ) = <?' 

where t is time is seconds. 

(a) Calculate the expression for V(in. 3 ) in terms of f(h). 

(b) Both the exponential function and its argument must be dimensionless. The given equation 
seems to violate both of these rules, and yet the equation is valid. Explain this paradox. [Hint: 
Observe the result of part (a).] 

2.28. A concentration C (mol/L) varies with time (min) according to the equation 

C = 3.00 exp (-2.00r) 

(a) What are the units of 3.00 and 2.00? 

(b) Suppose the concentration is measured at t — 0 and t = 1 min. Use two-point linear interpo¬ 
lation or extrapolation to estimate C(t = 0.6 min) and r(C = 0.10 mol/L) from the measured 
values, and compare these results with the true values of these quantities. 

(c) Sketch a curve of C versus t, and show graphically the points you determined in part (b). 

*2.29. The vapor pressures of 1-chlorotetradecane at several temperatures are tabulated here. 


T(°C) 

98.5 

^ 1 

bo 

148.2 

166.2 

199.8 

215.5 

p * (mm Hg) 

1 

5 

10 

20 

60 

100 


♦Computer problem. 
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(a) Use two-point linear interpolation to estimate the value of p* at T = 185°C. 

(b) Write a computer subroutine to estimate the vapor pressure of 1-chiorotetradecane for any 
temperature between 98.5°C and 215.5°C using two-point linear interpolation. The subroutine 
must determine which two tabulated temperatures bracket the given temperature, and apply 
the interpolation to estimate p* (T). Then write a main program to read and store the val¬ 
ues of p* and T given in the table and to generate a table of vapor pressures at temperatures 
T = 100°C,105°C, 110°C,...,215°C, calling your subroutine to estimate p* at each tempera¬ 
ture. Check your program using the result of part (a). 

2.30. Sketch the plots described below and calculate the equations for y(x) from the given information. 
The plots are all straight lines. Note that the given coordinates refer to abscissa and ordinate values, 
not x and y values. [The solution of part (a) is given as an example.] 

(a) A plot of In y versus x on rectangular coordinates passes through (1.0, 0.693) and (2.0, 0.0) 
(i.e., at the first point x = 1.0 and In y = 0.693). 

Solution : lny = 
b = 

In a = 

4 

( y = 4.00(?“ 0693jt 


(b) A semilog plot of y (logarithmic axis) versus x passes through (1,2) and (2,1). 

(e) A log plot of y versus x passes through (1,2) and (2,1). 

(d) A semilog plot of xy (logarithmic axis) versus y/x passes through (1.0,40.2) and (2.0,807.0). 

(e) A log plot of y 2 / x versus (x - 2) passes through (1.0,40.2) and (2.0,807.0). 

231. State what you would plot to get a straight line if experimental (x, y) data are to be correlated by the 
following relations, and what the slopes and intercepts would be in terms of the relation parameters. 
If you could equally well use two different kinds of plots (e.g., rectangular or semilog), state what 
you would plot in each case. [The solution to part (a) is given as an example.] 

(a) y 2 = ae~ h,x . 

Solution: Construct a semilog plot of y 2 versus \ jx or a plot of In (y 2 ) versus 1 / x on rectangular 
coordinates. Slope = -b, intercept = In a. 

(b) y 2 = mx 3 — n 

(c) 1/ ln(y - 3) = (1 + a Jx)j b 

(d) (y + l) 2 = [a(x - 3) 3 ]" 1 

(e) y = exp(a Jx + b) 

(0 xy = l 0 N* 2 V)+ri 
(g) y = [ax + b/x]- 1 

232. A hygrometer, which measures the amount of moisture in a gas stream, is to be calibrated using the 
apparatus shown here: 

Student 
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bx 4- In a ==> y — ae bx 

(lny 2 - lnyi)/(jfc - x { ) = (0 - 0.693)/(2.0 - 1.0) = -0.693 
In y } - bx l = 0.693 + 0.693 * 1.0 = 1.386 => a = e im = 4.00 
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Steam and dry air are fed at known flow rates and mixed to form a gas stream with a known wa¬ 
ter content, and the hygrometer reading is recorded; the flow rate of either the water or the air is 
changed to produce a stream with a different water content and the new reading is recorded, and so 
on. The following data are taken: 


Mass Fraction 
of Water, y 

Hygrometer 
Reading, R 

0.011 

5 

0.044 

20 

0.083 

40 

0.126 

60 

0.170 

80 


(a) Draw a calibration curve and determine an equation for y(R). 

(b) Suppose a sample of a stack gas is inserted in the sample chamber of the hygrometer and a 
reading of R = 43 is obtained. If the mass flow rate of the stack gas is 1200 kg/h, what is the 
mass flow rate of water vapor in the gas? 

2.33. The temperature in a process unit is controlled by passing cooling water at a measured rate through 
a jacket that encloses the unit. 



The exact relationship between the unit temperature T (°C) and the cooling flow water flow rate 
<}> (L/s) is extremely complex, and it is desired to derive a simple empirical formula to approximate 
this relationship over a limited range of flow rates and temperatures. Data are taken for T %’ersus 
<f>. Plots of T versus <S> on rectangular and semilog coordinates are distinctly curved (ruling out T = 
a<}> + b and T = ae bd ’ as possible empirical functions), but a log plot appears as follows: 



A line drawn through the data goes through the points (<f>i = 25, 7i = 210) and {<& - 40. J 2 = 

120 ). 

(a) What is the empirical relationship between 6 and T? 

(b) Using your derived equation, estimate the cooling w'ater flow rates needed to maintain the pro¬ 
cess unit temperature at 85°C, 175°C, and 290°C. 

(c) In which of the three estimates in part (b) would you have the most confidence and in which 
would you have the least confidence? Explain your reasoning. 

2.34. A chemical reaction A-*B is carried out in a closed vessel. The following data are taken for the 
concentration of A, C A (g/L), as a function of time, r(min). from the start of the reaction: 
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Cao ! 



C A (g/liter) 

P 

• 

• 


/(min) 

/(min) 

|0 36 65 100 160 

C A (g/liter) 

10.1823 0.1453 0.1216 0.1025 0.0795 0.0495 


A proposed reaction mechanism predicts that C A and t should be related by the expression 

Ca — Ca 


In - 


. = -kf 


Gao ~ Ca. 

where k is the reaction rate constant. 

(a) Do the data support this prediction? If so, determine the value of k . (Use a semilog plot in your 
solution of this problem.) 

(b) If the tank volume is 30.5 gallons and there is no B in the tank at t = 0, how much B(g) does 
the tank contain after two hours? 

2.35. The climactic moment in the film “The Eggplant That Ate New Jersey” comes when the brilliant 

young scientist announces his discovery of the equation for the volume of the eggplant: 

y(ft 3 ) = 3.53 x 10- 2 exp(2/ 2 ) 

where t is the time in hours from the moment the vampire injected the eggplant with a solution 

prepared from the blood of the beautiful dental hygienist. 

(a) What are the units of 3.53 x 10~ 2 and 2? 

(b) The scientist obtained the formula by measuring V versus t and determining the coefficients by 
linear regression. What would he have plotted versus what on what kind of coordinates? What 
would he have obtained as the slope and intercept of his plot? 

(c) The European distributor of the film insists that the formula be given for the volume in m 3 as a 
function of s). Derive the formula. 

2.36. The relationship between the pressure P and volume V of the air in a cylinder during the upstroke 

of a piston in an air compressor can be expressed as 

PV k = C 

where k and C are constants. During a compression test, the following data are taken: 


P( mm Hg) 

760 

1140 

1520 

2280 

3040 

3800 

V(cm 3 ) 

48.3 

37.4 

31.3 

24.1 

20.0 

17.4 


Determine the values of k and C that best fit the data. (Give both numerical values and units.) 

2.37. In modeling the effect of an impurity on crystal growth, the following equation was derived: 

G — Gl _ 1 

G 0 ~G ~ K L C m 

where C is impurity concentration, Gl is a limiting growth rate. Go is the growth rate of the crystal 
with no impurity present, and K t and m are model parameters. 

In a particular experiment, G 0 = 3.00 x l(T 3 mm/min, and G L = 1.80 x 10" 3 mm/min. Growth 
rates are measured for several impurity concentrations C (parts per million, or ppm), with the fol¬ 
lowing results: 
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C (ppm) 

50.0 

75.0 

100.0 

125.0 

150.0 

G(mm/min) x IQ 3 

2.50 

2.20 

2.04 

1.95 

1.90 


(For example, when C = 50.0 ppm, G = 2.50 x 10~ 3 mm/min). 

(a) Determine K L and m, giving both numerical values and units. 

(b> A solution is fed to a crystallizer in which the impurity concentration is 475 ppm. Estimate the 
expected crystal growth rate in (mm/min). Then state why you would be extremely skeptical 
about this result. 

2.38. A process instrument reading, Z(volts), is thought to be related to a process stream flow rate V(L!s) 
and pressure P(kPa) by the following expression: 

Z = aV b P c 

Process data have been obtained in two sets of runs—one with V held constant, the other with P 
held constant. The data are as follows: 


Point 

1 

2 

3 

4 

5 

6 

-1 

1 

V(L/s) 

0.65 

1.02 

1.75 

3.43 

1.02 

1.02 

1.02 

P(kPa) 

11.2 

11.2 

11.2 

11.2 

9.1 

7.6 

5.4 | 

Z(volts) 

2.27 

158 

3.72 

5.21 

3.50 

4.19 

5.89 | 


(a) Suppose you had only performed runs 2, 3, and 5. Calculate a, b, and c algebraically from the 
data for these three runs. 

(b) Now use a graphical method and all the data to calculate a, b, and c. Comment on why you 
would have more confidence in this result than in that of part (a). {Hint: You will need at least 
two plots.) 

2.39. Fit (a) a line and (b) a line through the origin to the following data using the method of least squares 
(Appendix A.l): 


j ! 

1' X | 

0.3 

1.9 

3.2 

y ! 

0.4 

2.1 

3.1 


On a single plot, show both fitted lines and the data points. 

2.40. A solution containing hazardous waste is charged into a storage tank and subjected to a chemical 
treatment that decomposes the waste to harmless products. The concentration of the decomposing 
waste, C, has been reported to vary with time according to the formula 

C = 1 /{a + bt) 

When sufficient time has elapsed for the concentration to drop to 0.01 g/L, the contents of the tank 
are discharged into a river that passes by the plant. 

The following data are taken for C and t: 


r(h) 

1.0 

2.0 

3.0 ! 

4.0 

5.0 

C(g/L) 

1.43 | 

1.02 

0.73 

0.53 

0.38 


(a) If the given formula is correct, what plot would yield a straight line that would enable you to 
determine the parameters a and b ? 

(b) Estimate a and b using the method of least squares (Appendix A.l). Check the goodness of fit 
by generating a plot of C versus t that shows both the measured and predicted values of C. 

(c) Using the results of part (b), estimate the initial concentration of the waste in the tank and the 
time required for C to reach its discharge level. 

(d) You should have very little confidence in the time estimated in part (c). Explain why. 
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(e) There are other potential problems with the whole waste disposal procedure. Suggest several of 
them. 

2.41, The following (x, y) data are recorded: 


r 

0.5 

1.4 

00 

y 

2.20 

4.30 

6.15 


(a) Plot the data on logarithmic axes. 

(b) Determine the coefficients of a power law expression y = abusing the method of least squares, 
(Remember what you are really plotting— there is no way to avoid taking logarithms of the data 
point coordinates in this case,) 

(c) Draw your calculated line on the same plot as the data. 

*2.42. A published study of a chemical reaction. A —P. indicates that if the reactor initially contains A at 
a concentration C A o(g/L) and the reaction temperature, T, is kept constant, then the concentration 
of P in the reactor increases with time according to the formula 

C P (g/L) - Cao(1 ~ e~ kt ) 

The rate constant , k (s l ), is reportedly a function only of the reaction temperature. 

To test this finding, the reaction is run in four different laboratories. The reported experimental 
results are given below. 



Labi 

T = 275°C 
C A0 = 4.83 

Lab 2 

T = 275° C 
C A0 = 12.2 

Lab 3 

T = 275°C 
C A0 = 5.14 

Lab 4 

T = 275°C 
C A0 = 3.69 

r(s) 

C P (g/L) | 

0 

0.0 

0.0 

0.0 

0.0 

10 

0.287 

1.21 

0.310 

0.245 

20 

0.594 

2.43 

0.614 

0.465 

30 

0.871 

3.38 

0.885 

0.670 

60 

1.51 

5.89 

1.64 

1.20 

120 

2.62 

8.90 

2.66 

2.06 

240 

3.91 

11.2 

3.87 

3.03 

360 

4.30 

12.1 

4.61 

3.32 

480 

4.62 

12.1 

4.89 

3.54 

600 

4.68 

12.2 

5.03 

3.59 


(a) What plot would yield a straight line if the given equation is correct? 

(b) Enter the given data into a spreadsheet. For each data set (C P versus f), generate the plot of 
part (a) and determine the corresponding value of k. (Your spreadsheet program probably has 
a built-in function to perform a linear regression on the data in two specified columns.) 

(c) Use the results in part (b) to come up with a good estimate of the value of k at 275°C. Explain 
how you did it. 

(d) If you did the calculation in part (b) correctly, one of the calculated values of k should be con¬ 
siderably out of line with the others. Think of as many possible explanations for this result as 
you can (up to 10). 

2.43. Suppose you have n data points (xi,yi), (x 2 ,yj),. .., (x„,y„) and you wish to fit a line through the 
origin (y = ax) to these data using the method of least squares. Derive Equation A.l-6 (Appendix 
A.l) for the slope of the line by writing the expression for the vertical distance d, from the i th data 
point (x ; , y,) to the line, then writing the expression for <f> = X df, and finding by differentiation the 
value of a that minimizes this function. 


'Computer problem. 
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*2.44. Write a computer program to fit a straight line y = ax + b to tabulated (x, y) data, assuming that no 
more than 100 data points will be taken in any one run. Your program should read in and store the 
data, evaluate the slope a and intercept b of the best line through the data using Equations A.l-3 
through A. 1-5 in Appendix A, then print out the measured values of x and y and calculated values 
of y(= ax + b) for each tabulated value of x. 

Test your program by fitting a line to the data in the following table: 


X 

1.0 

1.5 

2.0 

2.5 

3.0 

y 

2.35 

5.53 

8.92 

12.15 

15.38 


2.45. The rate at which a substance passes through a semipermeable membrane is determined by the diffu- 
sivity D( cm 2 Is) of the gas. D varies with the membrane temperature T(K) according to the Arrhenius 
equation: 

D = D 0 exp (—£ RT) 

where Do = the preexponential factor 

E = the activation energy for diffusion 
R = 1.987 cal/(tnol-K) 

Diffusitivities of SO? in a fluorosilicone rubber tube are measured at several temperatures, with the 
following results: 


T (K) D(cnr/s) X 1<P 


347.0 

1.34 

374.2 

2.50 

396.2 

4.55 

420.7 

8.52 

447.7 

14.07 

471.2 

19.99 


(so that D = 1.34 x 10~ 6 cnr/s) 


(a) What are the units of D 0 and El 

(b) How should the data be plotted to obtain a straight line on rectangular coordinates? 

(c) Plot the data in the manner indicated in part (b), and determine Do and E from the resulting 
line. 

*(d) Write a computer program or spreadsheet to read in the (T,D) data and to calculate D 0 and 
E using the method of least squares (Appendix A.l). Then run the program and print out the 
results. 

2.46. The Student Workbook contains a special exercise on linearization of equations. 


*Computer problem. 
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A process is any operation or series of operations by which a particular objective is accom¬ 
plished. In this textbook, we address those operations that cause a physical or chemical change 
in a substance or mixture of substances. The material that enters a process is referred to as the 
input or feed, and that which leaves is the output or product. It is common for processes to 
consist of multiple steps, each of which is carried out in a process unit, and each process unit 
has associated with it a set of input and output process streams. 

As a chemical engineer, you might be called upon to design or operate a process. Design 
includes formulation of a process flowsheet (layout) as well as specification of individual pro¬ 
cess units (such as reactors, separation equipment, heat exchangers) and associated operating 
variables, and operation involves the day-to-day running of the process. The process and all 
the equipment must produce product at a designated rate and with specified characteristics. 
Moreover, you may be responsible for maintaining the economic competitiveness of the pro¬ 
cess by identifying cost-cutting measures that reduce the use of raw materials or energy. At 
times the process may function poorly and you will embark on a troubleshooting exercise to 
find the problem. Market conditions may dictate a production rate greater than that which can 
be accommodated by the existing equipment at the current operating conditions and debottle¬ 
necking will be in order; sometimes the reverse happens and the production rate needs to be 
reduced and turndown becomes a concern. 

The links among all of the activities and functions described in the preceding paragraph 
are the process streams connecting process units and forming the process flowsheet. Perfor¬ 
mance of the functions requires knowledge of the amounts, compositions, and conditions of 
the process streams and materials within the process units. You must be able to measure or 
calculate such information for existing units or specify and calculate such information for units 
being designed. 

In this chapter we present definitions, illustrative measurement techniques, and methods of 
calculating variables that characterize the operation of processes and individual process units. 
In later chapters, we discuss how you can use the measured values of some of these variables 
to calculate process-related quantities that cannot be measured directly but must be known 
before the process can be fully designed or evaluated. 
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3.0 INSTRUCTIONAL OBJECTIVES 

After completing this chapter, you should be able to do the following: 

• Explain in your own words and without the use of jargon (a) the difference between density 
and specific gravity; (b) the meaning of gram-mole, lb-mole, mol, and kmol; (c) at least two 
methods for measuring temperature and at least two for measuring fluid pressure; (d) the 
meaning of the terms absolute pressure and gauge pressure; (e) why atmospheric pressure 
is not necessarily 1 atm. 

• Calculate the density in g/cm 3 or lb m /ft 3 of a liquid or solid species from a knowledge of the 
specific gravity, and vice versa. 

• Calculate two of the quantities mass (or mass flow rate), volume (or volumetric flow rate), 
and moles (or molar flow rate) from a knowledge of the third quantity for any species of 
known density and molecular weight. 

• Given the composition of a mixture expressed in terms of mass fractions, calculate the com¬ 
position in terms of mole fractions, and vice versa. 

• Determine the average molecular weight of a mixture from the mass or molar composition 
of the mixture. 

• Convert a pressure expressed as a head of a fluid to the equivalent pressure expressed as a 
force per unit area, and vice versa. 

• Convert a manometer reading into a pressure difference for an open-end manometer, a 
sealed-end manometer, and a differential manometer. 

• Convert among temperatures expressed in K, °C, °F, and °R. 


3.1 MASS AND VOLUME 

The density of a substance is the mass per unit volume of the substance (kg/m 3 , g/cm 3 , lb m /ft 3 , 
etc.) The specific volume of a substance is the volume occupied by a unit mass of the substance; 
it is the inverse of density. Densities of pure solids and liquids are essentially independent of 
pressure and vary relatively slightly with temperature. The temperature variation may be in 
either direction: the density of liquid water, for example, increases from 0.999868 g/cm 3 at 0°C 
to 1.00000 g/cm 3 at 3.98°C, and then decreases to 0.95838 g/cm 3 at 100°C. Densities of many 
pure compounds, solutions, and mixtures may be found in standard references (such as Perry’s 
Chemical Engineers’ Handbook} pp. 2-7 through 2-47 and 2-91 through 2-120). Methods of 
estimating densities of gases and mixtures of liquids are given in Chapter 5 of this book. 

The density of a substance can be used as a conversion factor to relate the mass and the 
volume of a quantity of the substance. For example, the density of carbon tetrachloride is 1.595 
g/cm 3 ; the mass of 20.0 cm 3 of CCI 4 is therefore 


20.0 cm 3 

1.595 g 


cm 3 


and the volume of 6.20 lb m of CCI 4 is 


6.20 lb m 1 

454 g 

1 cm 3 


1 lb m 

1.595 g 


. = 1760 cm 3 


The specific gravity of a substance is the ratio of the density p of the substance to the density 
p re f of a reference substance at a specific condition: 

SG = p/ p ref (3.1-1) 


J R. H. Perry and D. W. Green, Eds., Perry’s Chemical Engineers' Handbook, 7th Edition, McGraw-Hill, New 
York, 1997.' 



44 Chapter 3 Processes and Process Variables 


TEST 

YOURSELF 
(Answers, p. 655) 


EXA.MPLE3.l-h 


SOLUTION 


The reference most commonly used for solids and liquids is water at 4.0°C, which has the 
following density: 


Ph, 0 (I)( 4 °C) = 1.000 g/cm 3 
= 1000. kg/m 3 
= 62.43 lb m /ft 3 


(3.1-2) 


Note that the density of a liquid or solid in g/cm 3 is numerically equal to the specific gravity of 
that substance. The notation 


signifies that the specific gravity of a substance at 20°C with reference to water at 4°C is 0.6. 

If you are given the specific gravity of a substance, multiply it by the reference density in 
any units to get the density of the substance in the same units. For example, if the specific grav¬ 
ity of a liquid is 2.00, its density is 2.00 x 10 3 kg/m 3 or 2.00 g/cm 3 or 125 lb m /ft 3 . Specific 
gravities of selected liquids and solids are given in Table B.l. 


Note: Special density units called degrees Baume (°Be), degrees API (°API), and degrees 
Twaddell (°Tw) are occasionally used, particularly in the petroleum industry. Definitions of 
and conversion factors for these units are given on p. 1-20 of Perry’s Chemical Engineers’ Hand¬ 
book. 


1. What are the units of specific gravity? 

2. A liquid has a specific gravity of 0.50. What is its density in g/cm 3 ? What is its specific 
volume in cm 3 /g? What is its density in lb m /ft 3 ? What is the mass of 3.0 cm 3 of this liquid? 
What volume is occupied by 18 g? 

3. If substance A and substance B each have a density of 1.34 g/cm 3 , must 3 cm 3 of A have 
the same mass as 3 cm 3 of B? 

4. If substance A and substance B each have a specific gravity of 1.34, must 3 cm 3 of A have 
the same mass as 3 cm 3 of B? Why not? 

5. Freezing a sealed full bottle of water leads to a broken bottle and freezing a sealed full 
flexible-walled container of n-butyl alcohol leads to a container with concave walls. What 
can you conclude about the densities of the solid and liquid forms of these two substances? 

6. Does the density of liquid mercury increase or decrease with increasing temperature? 
Justify your answer using a thermometer as an illustration. 


Mass, Volume, and Density 

Calculate the density of mercury in lb m /ft 3 from a tabulated specific gravity, and calculate the volume 
in ft 3 occupied by 215 kg of mercury. 


Table B. 1 lists the specific gravity of mercury at 20°C as 13.546. Therefore, 

I- 

p Hg = (13.546) (62.43 ^ = | 845.7 

\ ft 3 / j ft 3 


215 kg 

1 lbm 

1 ft 3 


0.454 kg 

845.7 ib m 


0.560 ft 3 
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As stated earlier, temperature and pressure do not have large influences on the densities 
of solids and liquids, Nevertheless, the fact that mercury in a thermometer rises or falls with 
changing temperature shows that the effect of temperature on liquid density is measurable. 
Coefficients of linear and cubic (volume) thermal expansion of selected liquids and solids are 
given as empirical polynomial functions of temperature on pp. 2-128 to 2-131 of Perry’s Chem¬ 
ical Engineers’ Handbook. For example, the Handbook gives the dependence of the volume of 
mercury on temperature as 

V(T) * V 0 (l + 0.18182 X 10" 3 r + 0.0078 X 10“ 6 T 2 ) (3.1-3) 

where V(7) is the volume of a given mass of mercury at temperature 7\°C) and V 0 is the volume 
of the same mass of mercury at 0°C. 


EXAMPLE Sil-2l Effect of Temperature on Liquid Density 


In Example 3.1-1,215 kg of mercury was found to occupy 0.560 ft 3 at 20°C. (1) What volume would 
the mercury occupy at 100°C? (2) Suppose the mercury is contained in a cylinder having a diameter 
of 0.25 in. What change in height would be observed as the mercury is heated from 20°C to 100°C? 


SOLUTION 1. From Equation 3.1-3 

V(100°C) = V 0 [l + 0.18182 x 10~ 3 (100) + 0.0078 x 10~ 6 (100) 2 ] 
and 

K(20°C) = 0.560 ft 3 = V„[l + 0.18182 X 1(T 3 (20) + 0.0078 x 10" 6 (20) 2 ] 
Solving for V 0 from the second equation and substituting it into the first yields 


K(100°C) = 0568 ft 3 


2. The volume of the mercury equals TrD 2 Hf 4, where D is the cylinder diameter and H is its 
height. Since D is constant. 


H(100°C) - H(20°C) = 


V(100*C) - V(20°C) 


7 tD 2 / 4 
D = (0.25/12) ft 


- 23.5 ft I 


3.2 FLOWRATE 

3.2a Mass and Volumetric Flow Rate 

Most processes involve the movement of material from one point to another—sometimes be¬ 
tween process units, sometimes between a production facility and a transportation depot. The 
rate at which a material is transported through a process line is the flow rate of that material. 

The flow rate of a process stream may be expressed as a mass flow rate (mass/time) or as 
a volumetric flow rate (volume/time). Suppose a fluid (gas or liquid) flows in the cylindrical 
pipe shown below, where the shaded area represents a section perpendicular to the direction 



V(m 3 fluid/s) 
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of flow. If the mass flow rate of the fluid is m(kg/s) 2 , then every second m kilograms of the 
fluid pass through the cross section. If the volumetric flow rate of the fluid at the given cross 
section is V(m 3 /s), then every second V cubic meters of the fluid pass through the cross section. 
However, the mass m and the volume V of a fluid—in this case, the fluid that passes through 
the cross section each second—are not independent quantities but are related through the fluid 
density, p: 


p = mj V — m! V 


(3.2-1) 


Thus, the density of a fluid can be used to convert a known volumetric flow rate of a process 
stream to the mass flow rate of that stream or vice versa. 

The mass flow rates of process streams must be known for many process calculations, but 
it is frequently more convenient to measure volumetric flow rates. A common procedure is 
therefore to measure V and calculate m from V and the density of the stream fluid. 


TEST 

YOURSELF 
(Answers, p. 655) 


1. The mass flow rate of n-hexane (p = 0.659 g/cm 3 ) in a pipe is 6.59 g/s. What is the volu¬ 
metric flow rate of the hexane? 

2. The volumetric flow rate of CCl, (p = 1.595 g/cm 3 ) in a pipe is 100.0 cm 3 /mm. What is 
the mass flow rate of the CC1 4 ? 

3. Suppose a gas is flowing through a cone-shaped pipe. 



How do the mass flow rates of the gas at the inlet and outlet compare? (Remember the 
law of conservation of mass.) If the density of the gas is constant, how do the volumetric 
flow rates at these two points compare? What if the density decreases from inlet to outlet? 


3.2b Flow Rate Measurement 


• 

Equipment 

Encyclopedia 

process parameters— 
flowrate measurement 


A flowmeter is a device mounted in a process line that provides a continuous reading of the 
flow rate in the line. Two commonly used flowmeters—the rotameter and the orifice meter —are 
shown schematically in Figure 3.2-1. Perry’s Chemical Engineers’ Handbook, pp. 5-7 through 
5-17, describes many others. 



(a) 




FIGURE 3.2-1 Flowmeters: (a) rotameter and ( b ) orifice meter. 


2 Variables whose symbols include a dot (*) are rates; for example, m is mass flow rate and V is volumetric flow 
rate. 
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The rotameter is a tapered vertical tube containing a float; the larger the flow rate, the 
higher the float rises in the tube. The orifice meter is an obstruction in the flow channel with a 
narrow opening through which the fluid passes. The fluid pressure drops (decreases) from the 
upstream side of the orifice to the downstream side; the pressure drop (which may be measured 
with a number of devices, including a differential manometer, which is discussed in the next 
section) varies with the flow rate—the greater the flow rate, the larger the pressure drop. 

Problems at the end of this chapter illustrate the calibration and use of both types of 
flowmeters. 


TEST 

YOURSELF 
(Answers, p. 655) 


1. A steadily flowing steam of water is funneled into a graduated cylinder for exactly 30 s, 
during which time 50 mL is collected. What is the volumetric flow rate of the stream? The 
mass flow rate? 

2. What is a rotameter? An orifice meter? 

3. A rotameter calibration curve (flow rate versus float position) obtained using a liquid is 
mistakenly used to measure a gas flow rate. Would you expect the gas flow rate determined 
in this manner to be too high or too low? 


CREATIVITY EXERCISE 

Given below is the first of a series of exercises contained in this book that we call Creativity 
Exercises. These exercises differ considerably from the kinds of problems you are accustomed 
to seeing in homework assignments and quizzes. In the latter, you are generally given infor¬ 
mation and asked to find the single correct solution to a problem. In the creativity exercises, 
you are asked to think of many possible responses without spending too much time doing so. 
There is no such thing as the “correct” response or even a “good” or “bad” response. The idea 
is to go for quantity rather than quality, imagination (even humor) rather than “correctness.” 
Try to suspend your critical judgment completely and come up with as many ideas as you can, 
regardless of how likely they are to be efficient, cost-effective, or even to work at all. 

In a real industrial situation, this “brainstorming” approach to creative problem solving 
is frequently used as the first step in solving the most difficult problems facing the company. 
Doing these exercises will help sharpen the skills you will need for successful brainstorming 
and at the same time will give you a broader understanding of the concepts contained in the 
text. 

Here, then, is the first exercise. Invent as many devices as you can that might function as 
flowmeters for gases and/or liquids. In each case, describe the device and state what would be 
measured. ( Example: Put a propeller in a flowing stream and measure its rotational speed.) 


3.3 CHEMICAL COMPOSITION 

Most materials encountered in nature and in chemical process systems are mixtures of various 
species. The physical properties of a mixture depend strongly on the mixture composition. In 
this section we will review different ways to express mixture compositions, and later in the book 
we will outline methods of estimating physical properties of a mixture from the properties of 
the pure components. 

3.3a Moles and Molecular Weight 

The atomic weight of an element is the mass of an atom on a scale that assigns 12 C (the iso¬ 
tope of carbon whose nucleus contains six protons and six neutrons) a mass of exactly 12. The 
atomic weights of all the elements in their naturally occurring isotopic proportions are listed 
in the table at the back of the book. The molecular weight of a compound is the sum of the 
atomic weights of the atoms that constitute a molecule of the compound: atomic oxygen (O), 
for example, has an atomic weight of approximately 16, and therefore molecular oxygen (0 2 ) 
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EXAMPLE 3.3-1 


SOLUTION 


has a molecular weight of approximately 32. Molecular weights of a number of compounds are 
given in Table B.l. 

A gram-mole (g-mole, or moi in SI units) of a species is the amount of that species 
whose mass in grams is numerically equal to its molecular weight. (If the species is an ele¬ 
ment, it is technically correct to refer to a gram-atom rather than a gram-mole. We will not 
observe this distinction, but will use moles for both elements and compounds.) Other types of 
moles (e.g., kg-moles or kmol, lb-moles, ton-moles) are similarly defined. Carbon monoxide 
(CO), for example, has a molecular weight of 28; 1 mol of CO therefore contains 28 g, 1 lb-moie 
contains 28 lb m , 1 ton-mole contains 28 tons, and so on. 

If the molecular weight of a substance is M, then there are M kg/kmol. M g/mol, and 
M Ibtn/lb-mole of this substance. The molecular weight may thus be used as a conversion factor 
that relates the mass and the number of moles of a quantity of the substance. For example, 
34 kg of ammonia (NH 3 : M = 17) is equivalent to 


34 kg NH 3 1 kmol NH 3 „ „, 

--—-- = 2.0 kmol NH 3 

I 17 kg NH 3 

and 4.0 lb-moles of ammonia is equivalent to 


4.0 lb-moles NH 3 

17 lbm NH 3 


1 lb-mole NH 3 


(3.3-1) 


(3.3-2) 


(It is often helpful in mass-mole conversions to include the chemical formula in the dimensional 
equation, as illustrated above.) 

The same factors used to convert masses from one unit to another may be used to convert 
the equivalent molar units: there is 454 g/lb m , for example, and therefore there is 
454 mol/lb-mole, regardless of the substance involved. (Prove it—convert 1 lb-mole of a 
substance with molecular weight M to gram-moles.) 

One gram-mole of any species contains approximately 6.02 X 10 23 (Avogadro’s number) 
molecules of that species. 


Conversion Between Mass and Moles 


How many of each of the following are contained in 100.0 g of CO? (M = 44.01)? (1) mol CO?; 
( 2 ) lb-moles CO?; (3) mol C; (4) mol O; (5) mol O?; ( 6 ) g O; ( 7 ) g 0 2 ;'( 8 ) molecules of CO?. 


100.0 gC0 2 


1 mol C0 2 


2 . 

2.273 mol CO? 

44.01 g CO? 

1 Ib-mol f 



453.6 mol i- 


2.273 mol CO? 


• = | 5.011 X 10 ~ 3 lb-mole CO? 


Each molecule of C0 2 contains one atom of C, one molecule of O?, or two atoms of O. There¬ 
fore, each 6.02 x 10 23 molecules of C0 2 (1 mol) contains 1 mol C,’l mol O?, or 2 mol O. Thus, 


2.273 mol C0 2 

1 mol C 


1 mol C0 2 


4. 

2,273 mol C0 2 

2 mol O 



1 mol C0 2 

5. 

2.273 mol C0 2 

; 1 mol o 2 



1 mol CO? 


| 2.273 mol C 


4.546 mol O 


2.273 mol 0 2 
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6. 

4.546 mol O 

16.0 g 0 r 


1 mol O L 

7. 

2.273 mol 0 2 

32.0 g 0 2 


1 mol 0 2 


72.7 g O 


72.7 g 0 2 


J 


2.273 mol C0 2 

6.02 x 10 23 molecules 


1 mol 


1.37 X 10 24 molecules 


Note: Part 7 could also be done by observing from the molecular formula that each 44.0 g of CO-. 
contains 32.0 g of 0 2 or O, so that 


• = 72.7gQ 2 


100.0 g C0 2 

32.0 g 0 2 


44.0 g C0 2 


The molecular weight of a species can be used to relate the mass flow rate of a continu¬ 
ous stream of this species to the corresponding molar flow rate. For example, if carbon dioxide 
(C0 2 : A 1 = 44.0) flows through a pipeline at a rate of 100 kg/h, the molar flow rate of the 
C0 2 is 


100 kg C0 2 

1 kmol C0 2 

h 

44.0 kg C0 2 


2.27 


kmol C0 2 
_ 


(3.3-3) 


If the output stream from a chemical reactor contains C0 2 flowing at a rate of 850 Ib-moles/min. 
the corresponding mass flow rate is 


850 lb-moies C0 2 

44.0 lb m C0 2 _ , 71Q0 lb m C0 2 

min 

lb-raole C0 2 ram 


TEST 

YOURSELF 
(Answers, p. 656) 


1. What is a mol of a species of molecular weight M , in terms of (a) a number of molecules? 
(b) a mass? 

2. What is a ton-mole of a species? 

3. How many lb-moies and lb m of (a) H 2 and (b) H are contained in 1 lb-mole of H 2 0? 

4. How many gram-moles of C 3 H 8 are contained in 2 kmol of this substance? 

5. One hundred kilograms of molecular hydrogen (H 2 ) is fed into a reactor each hour. What 
is the molar flow rate of this stream in gram-moles/hour? 


3.3b Mass and Mole Fractions and Average Molecular Weight 

Process streams occasionally contain one substance, but more often they consist of mixtures of 
liquids or gases, or solutions of one or more solutes in a liquid solvent. 

The following terms may be used to define the composition of a mixture of substances. 


including a species A. 






Mass fraction: 

* A = 

mass of A / 

kgA or 

g A 

lb m A \ 

(33-5) 

total mass \ 

kg total 

. or 
g total 

lb m total / 



moles of A 

/kmol A 

mol A 

lb-moles A \ 

(33-6) 

Mole fraction: 

yA = 

total moles 

\ kmol ° r mol 0r lb-mole ) 


The percent by mass of A is 100x A , and the mole percent of A is 100v A . 







Chapter 3 Processes and Process Variables 


Conversions Using Mass and Mole Fractions 


A solution contains 15% A by mass (x A = 0.15) and 20 moie% B (y B = 0.20). 
1. Calculate the mass of A in 175 kg of the solution. 


175 kg solution i 

0.15 kg A 


kg solution 


26 kg A 


2. Calculate the mass flow rate of A in a stream of solution flowing at a rate of 53 lb m /h. 


531b m 

0.15 lbn, A 

h 

lb m 


8.0 


lb m A 


(If a mass or molar unit—such as lb m in 53 lb m /h—is not followed by the name of a species, the unit 
should be understood to refer to the total mixture or solution rather than to a specific component.) 
3. Calculate the molar flow rate of B in a stream flowing at a rate of 1000 mol/min. 


1000 mol 

0.20 mol B 

OpA mCl B 

min 

mol 

min 


4. Calculate the total solution flow rate that corresponds to a molar flow rate of 28 kmol B/s. 


28 kmol B 

1 kmol solution 

1 kmol solution 

s 

0.20 kmol B 

s 


5. Calculate the mass of the solution that contains 300 lb m of A, 


300 lb m A 

1 lb m solution j 

[ 2000 lb m solution 



0.15 lb m A 





Note that the numerical value of a mass or a mole fraction does not depend on the mass 
units in the numerator and denominator as long as these units are the same. If the mass fraction 
of benzene (QH 6 ) in a mixture is 0.25, then x QHfl equals 0.25 kg C 6 H 6 /kg total, 0.25 g QH*/g 
total, 0.25 lb m CgH 6 /lb m total, and so on. 

A set of mass fractions may be converted to an equivalent set of mole fractions by (a) as¬ 
suming as a basis of calculation a mass of the mixture (e.g., 100 kg or 100 lb„,); (b) using the 
known mass fractions to calculate the mass of each component in the basis quantity, and con¬ 
verting these masses to moles; and (c) taking the ratio of the moles of each component to 
the total number of moles. An analogous procedure is followed to convert mole fractions 
to mass fractions, differing only in that a total number of moles (e.g., 100 mol or 100 ib-moles) 
is taken as a basis of calculation. 


Conversion from a Composition by Mass to a Molar Composition 

A mixture of gases has the following composition by mass: 

°2 16% (xo, = 0.16 g OJg total) 

CO 4.0% 

CO, 17% 

N 2 63% 


What is the molar composition? 
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Basis: 100 g of the mixture. 

A convenient way to perform the calculations is to set them up in tabular form. 


Component 

i 

Mass Fraction 
*i C 9 t/9) 

Mass (g) 

ffli — total 

Molecular Weight 

Mi (g/mol) 

Moles 

m = mi/M f 

Mole Fraction 
>',• = n-,/ n, ota! 

o 2 

0.16 

16 

32 

0.500 

0.150 

CO 

0.04 

4 

28 

0.143 

0.044 

co 2 

0.17 

17 

44 

0.386 

0.120 

n 2 

0.63 

63 

28 

2.250 

0.690 

Total 

1.00 

100 


3.279 

1.000 


The mass of a species is the product of the mass fraction of that species and total mass (basis of 
100 g). The number of moles of a species is the mass of that species divided by the molecular weight 
of the species. Finally, the mole fraction of a species is the number of moles of that species divided 
by the total number of moles (3.279 mol). 


The average molecular weight (or mean molecular weight) of a mixture, M (kg/kmol, 
lb m /lb-mole, etc.), is the ratio of the mass of a sample of the mixture (m,) to the number of 
moles of all species ( n ,) in the sample. If y-, is the mole fraction of the ith component of the 
mixture and M, is the molecular weight of this component, then 

M = y\M\ + y z M 2 + ■■■ = yjMj (33-7) 

all 

components 

(Exercise: Derive Equation 3.3-7 by taking a basis of 1 mol of the mixture and calculating m, 
following the procedure of Example 3.3-3.) If x; is the mass fraction of the ith component, then 


(Prove it.) 


1 Xl x? 

= = _! + _£ + 

M Mi M 2 



components 


(33-8) 


Calculation of an Average Molecular Weight 


Calculate the average molecular weight of air (1) from its approximate molar composition of 79% 
N 2 ,21% 0 2 and (2) from its approximate composition by mass of 76.7% N 2 ,23.3% 0 2 . 


SOLUTION 1. From Equation 3.3-7, with yn 2 = 0.79, yo, - 0.21, 

M - y # 2 Mn 2 + yo 2 Mo, 


0.79 kmol N 2 

28 kg N 2 0.21 kmol 0 2 

32 kg 0 2 

kmol 


kmol kmol 

kmol 

20 ^ 


- ->o _ -If) & ) 


kmol 

l 

lb-mole " mol J 
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2. From Equation 3.3-8. 

I » 0.767 gN z /g + 0.233 gP 2 /g = Q Q35 mol 
28 g N 2 /mol 32 g 0 2 /mol g 


M 


M = 29 g/mol 


Note: Air contains small amounts of carbon dioxide, argon, and other gases that have been neglected 
in this calculation, but whose presence does not significantly affect the calculated value of A?. 


TEST 1 . The molecular weight of atomic hydrogen is approximately 1, and that of atomic bromine 

YOURSELF is 80. What are (a) the mass fraction and (b) the mole fraction of bromine in pure HBr? 

(Answers, p. 656) 2 . If 100 lb m /rnin of A (M A = 2) and 300 lb m /min of B (M B = 3) flow through a pipe, what 

are the mass fractions and mole fractions of A and B, the mass flow rate of A, the molar 
flow rate of B, the total mass flow rate, and the total molar flow rate of the mixture? 


3.3c Concentration 


The mass concentration of a component of a mixture or solution is the mass of this component 
per unit volume of the mixture (g/cm 3 , lb m /ft 3 , kg/in, 3 ,...). The molar concentration of a com¬ 
ponent is the number of moles of the component per unit volume of the mixture (kmol/m 3 , 
lb-moles/ft 3 ,...). The molarity of a solution is the value of the molar concentration of the 
solute expressed in gram-moles solute/liter solution (e.g., a 2-molar solution of A contains 
2 mol A/liter solution). 

The concentration of a substance in a mixture or solution can be used as a conversion factor 
to relate the mass (or moles) of a component in a sample of the mixture to the sample volume, 
or to relate the mass (or molar) flow rate of a component of a continuous stream to the total 
volumetric flow rate of the stream. Consider, for example, a 0.02-molar solution of NaOH (i.e., 
a solution containing 0.02 mol NaOH/L): 5 L of this solution contains 


5 L 

0.02 mol NaOH 


L 


0.1 mol NaOH 


and if a stream of this solution flows at a rate of 2 L/min, the molar flow rate of NaOH is 


2 L 

0.02 mol NaOH 

min 

L 


0.01 m ° l NaQH 

min 


A solution with volume V(L) contains n(mol) of a solute A with a molecular weight of 
M a (g A/mol). In terms of V, n , and M A : 

1. What is the molar concentration of A? 

2. What is the mass concentration of A? 

In terms of C A (moI A/L) and c A (g A/L): 

3. What volume of the solution contains 20 mol of A? 

4. What is the mass flow rate of A in a stream whose volumetric flow rate is 120 L/h? 

EXAMPLE 3.3-5- Conversion Between Mass, Molar, and Volumetric Flow Rates of a Solution 

A 0.50-molar aqueous solution of sulfuric acid flows into a process unit at a rate of 1.25 m 3 /min. 
The specific gravity of the solution is 1.03. Calculate (1) the mass concentration of H 2 S0 4 in kg/m 3 , 
(2) the mass flow rate of H 2 S0 4 in kg/s, and (3) the mass fraction of H 2 S0 4 . 


TEST 

YOURSELF 
(Answers, p. 656) 






SOLUTION 


1. 


Creativity Exercise 53 
10 3 L 


Ch,so 4 


H 2 S0 4 \ 0.50 mol H 2 S0 4 


98 £ 


mol 


lkg 


10 3 g 


1 m 3 


= | 49 


kg H 2 SQ 4 




1.25 m 3 

49 kg H 2 S0 4 

1 min 

min 

m 3 

60s 


1.0 


kg H 2 S0 4 


3. The mass fraction of H 2 S0 4 equals the ratio of the mass flow rate of H 2 S0 4 —which we know— 
to the total mass flow rate, which can be calculated from the total volumetric flow rate and the 
solution densitv. 


kg 


aW 100 ? 8 ) 

= 1030 H 


\ m / 
II 

m J 


'U' 

1.25 m 3 solution 

1030 kg 

1 min 

min 

m 3 solution 

60s 


: - 21.46 


- Saa. . JJ WSCVS = I 0 048 MHjSo. | 
w$oimion 21.46 kg solution/s I kg solution i 


CREATIVITY EXERCISE 

Itemize as many ways as you can think of to measure the concentration of a solute in a solu¬ 
tion. ( Example: If the solute absorbs light of a specific wavelength, pass a beam of light of this 
wavelength through the solution and measure the fractional light absorption.) 

3.3d Parts per Million and Parts per Billion 

The units parts per million (ppm) and parts per billion (ppb ) 3 are used to express the concen¬ 
trations of trace species (species present in minute amounts) in mixtures of gases or liquids. 
The definitions may refer to mass ratios (usual for liquids) or mole ratios (usual for gases) and 
signify how many parts (grams, moles) of the species are present per million or billion parts 
(grams, moles) of the mixture. If y, is the fraction of component i , then by definition 

ppm, = y< X 10 6 (3.3-9) 

ppb,- = yi x 10 9 (3.3-10) 

For example, suppose air in the vicinity of a power plant is said to contain 15 ppm S0 2 
(15 parts per million sulfur dioxide). Assuming that a molar basis has been used (customary 
for gases), this statement means that every million moles of air contains 15 moles of SO 2 , or 
equivalently, that the mole fraction of S0 2 in the air is 15 X 10~ 6 . Units such as ppm and ppb 
have become increasingly common in recent years as public concern about potentially haz¬ 
ardous trace species in the environment has grown. 


3 We are using the standard American definition of a billion as 10 9 or 1000 million, as opposed to the English 
definition of 10 12 . 






54 Chapter 3 Processes and Process Variables 


A liquid that is almost entirely water is reported to contain 125 ppb phenol (mass basis). 

1. What is the mass fraction of phenol in the liquid? 

2. How many milligrams of phenol are contained in one kilogram of the liquid? 

3. What is the approximate concentration of phenol in the liquid in g/L? 


3.4a Fluid Pressure and Hydrostatic Head 

A pressure is the ratio of a force to the area on which the force acts. Accordingly, pressure units 
are force units divided by area units (e.g., N/m 2 , dynes/cm 2 , and lb f /in. 2 or psi). The SI pressure 
unit, N/m 2 , is called a pascal (Pa). 

Consider a fluid (gas or liquid) contained in a closed vessel or flowing through a pipe, and 
suppose that a hole of area A is made in the wall of the containing vessel, as in Figure 3.4-1. 
The fluid pressure may be defined as the ratio F j A, where F is the minimum force that would 
have to be exerted on a frictionless plug in the hole to keep the fluid from emerging. 

We must introduce an additional definition of fluid pressure to explain the concept of at¬ 
mospheric pressure and to discuss common methods for measuring pressures of fluids in tanks 
and pipes. Suppose a vertical column of fluid is h (m) high and has a uniform cross-sectional area 
A(m 2 ). Further suppose that the fluid has a density of p(kg/m 3 ), and that a pressure Po(N/m 2 ) 
is exerted on the upper surface of the column. (See Figure 3.4-2.) The pressure P of the fluid at 
the base of the column—called the hydrostatic pressure of the fluid—is, by definition, the force 
F exerted on the base divided by the base area A. F thus equals the force on the top surface 
plus the weight of the fluid in the column. It is not difficult to show that: 


P = P 0 + pgh I (3.4-1) 


TEST 

YOURSELF 
(Answers, p. 656) 


3.4 PRESSURE 




FIGURE 3.4-2 Pressure at the base of a fluid column. 
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(See if you can derive this equation.) Since A does not appear in this equation, the formula is 
applicable to a column of fluid as thin as a test tube or as wide as the ocean. 

In addition to being expressible as a force per unit area, a pressure may be expressed 
as a head of a particular fluid—that is, as the height of a hypothetical column of this fluid 
that would exert the given pressure at its base if the pressure at the top were zero. You can 
thus speak of a pressure of 14.7 psi or equivalently of a pressure (or head) of 33.9 ft of water 
(33.9 ft H 2 O) or 76 cm of mercury (76 cm Hg). The equivalence between a pressure P (force/area) 
and the corresponding head P h (height of a fluid) is given by Equation 3.4-1 with P Q = 0: 


P 


I force \ 
(area J 


Pfiuid 9 Ph(head of fluid) 


(3.4-2) 



Calculation of a Pressure as a Head of Fluid 


Express a pressure of 2.00 x 10 5 Pa in terms of mm Hg. 


SOLUTION 


Solve Equation 3,4-2 for Ph(mm Hg), assuming that g = 9.807 m/s 2 and noting that the density of 
mercury is 13.6 x 1000 kg/m 3 = 13,600 kg/m 3 . 


Ph = 


PHgP 


2.00 x 10 5 N 

m 3 

s 2 

1 kg-m/s 2 

10 J mm 

m 2 

13,600 kg 

9.807 m 

1 N 

m 


1.50 X 10 3 mm Hg 


The relationship between the pressure at the base of a column of fluid of height h and the pressure 
at the top is particularly simple if these pressures are expressed as heads of the given fluid: if the 
column is mercury, for example, then 


Ph(mm Hg) = P 0 (mm Hg) + li(mm Hg) 


(3.4-3) 


Any other length unit and chemical species may be substituted for mm Hg in this equation. 

The conversion table on the inside front cover of this book lists values of a pressure expressed 
in several common force/area units and as heads of mercury and water. The use of this table for 
pressure unit conversion is illustrated by the conversion of 20.0 psi to cm Hg: 


20.0 psi 

76.0 cm Hg 


14.696 psi 


103 cm Hg 


Pressure Below the Surface of a Fluid 

What is the pressure 30.0 m below the surface of a lake? Atmospheric pressure (the pressure at the 
surface) is 10.4 m H 2 O, and the density of water is 1000.0 kg/m 3 . Assume that g is 9.807 m/s 2 . 

SOLUTION First, the hard way, using Equation 3.4-1: 

Ph = Po + pgh 



10.4 m H 2 O 

1.013 x 10 s N/m 2 j 1000.0 kg/m 3 

9.807 m 

30.0 m 

IN 


10.33 m H z O 

s 2 


1 kg-m/s 2 


3.96 x 10 s N/m 2 (Pa) 
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or 

[ P h = 39 6 kPa~j 

Next, the easy way, using Equation 3.4-3: 

P b = 10.4 m H 2 0 + 30.0 m H 2 0 = 40.4 m H 2 0 
(Verify that the two calculated pressures are equivalent.) 


Note: We will henceforth use an unsubscripted P to denote pressure expressed as either 
(force/area) or as the head of a fluid. 

1. Define (a) the pressure of a fluidflowing in a pipe, (b) hydrostatic pressure, and (c) a head 
of a fluid corresponding to a given pressure. 

2. Consider the tank in Figure 3.4-1. Does the pressure at the plug depend on the height of 
the opening in the tank? (Hint: Yes.) Why? Would you expect the difference between the 
pressure at the top and that at the bottom to be very large if the fluid were air? How about 
water? Mercury? 

3. Suppose the pressure in the tank of Figure 3.4-1 is given as 1300 mm Hg. Does this tell 
you anything about the height of the tank? If you were given the area of the hole (say, 
4 cm 1 2 ), how would you calculate the force needed to hold the plug in the hole? 

4. Suppose the pressure at a point within a column of mercury in a tube is 74 mm Hg. What 
is the pressure 5 mm below this point? (If this takes you more than one second, you are 
probably doing it wrong.) 

3.4b Atmospheric Pressure, Absolute Pressure, and Gauge Pressure 

The pressure of the atmosphere can be thought of as the pressure at the base of a column of 
fluid (air) located at the point of measurement (e.g., at sea level). Equation 3.4-1 can be used to 
calculate atmospheric pressure, assuming that the pressure at the top of the column (P 0 ) equals 
0 and p and g are average values of the density of air and the acceleration of gravity between 
the top of the atmosphere and the measurement point. 

A typical value of the atmospheric pressure at sea level, 760.0 mm Hg, has been designated 
as a standard pressure of 1 atmosphere. The conversion table on the inside front cover lists 
equivalent values of this pressure in various units. 

The fluid pressures referred to so far are all absolute pressures, in that a pressure of zero 
corresponds to a perfect vacuum. Many pressure-measuring devices give the gauge pressure 
of a fluid, or the pressure relative to atmospheric pressure. A gauge pressure of zero indicates 
that the absolute pressure of the fluid is equal to atmospheric pressure. The relationship for 
converting between absolute and gauge pressure is 

^absolute - ^gauge + P atmospheric (3.4-4) 

The abbreviations psia and psig are commonly used to denote absolute and gauge pres¬ 
sure in Ibf/in.* - . Also, it is common to refer to negative gauge pressures (absolute pressures 
less than atmospheric) as positive amounts of vacuum: for example, a gauge pressure of 
—1 cm Hg (75.0 cm Hg absolute if atmospheric pressure is 76.0 cm Hg) may also be called 
1 cm of vacuum. 


TEST 

YOURSELF 
(Answers, p. 656) 


TEST 

YOURSELF 
(Answers, p. 656) 


1. Is atmospheric pressure always equal to 1 atm? 

2 . What is absolute pressure? Gauge pressure? 
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3. The gauge pressure of a gas is -20 mm Hg at a point where atmospheric pressure is 
755 mm Hg. How else can the gas pressure be expressed in terms of mm Hg? (Give two 
values.) 

4. A mercury column is open to the atmosphere on a day when atmospheric pressure is 
29.9 in. Hg. What is the gauge pressure 4 in. below the surface? The absolute pressure? 
(Give the answers in in. Hg.) 


3.4c Fluid Pressure Measurement 


Perry’s Chemical Engineers' Handbook (pp. 8-47 to 8-48) categorizes pressure-measurement 
devices as: 
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• elastic-element methods—Bourdon tubes, bellows, or diaphragms 

• liquid-column methods—manometers 

• electrical methods—strain gauges, piezoresistive transducers, and piezoelectric transducers 

We limit our discussion here to Bourdon gauges and manometers but recognize the importance 
of other methods in modem process sensors. 

The most common mechanical device used for pressure measurement is a Bourdon gauge, 
which is a hollow tube closed at one end and bent into a C configuration. The open end of 
the tube is exposed to the fluid whose pressure is to be measured. As the pressure increases, 
the tube tends to straighten, causing a pointer attached to the tube to rotate. The position of 
the pointer on a calibrated dial gives the gauge pressure of the fluid. A schematic diagram of a 
Bourdon gauge is shown in Figure 3.4-3. 

Bourdon gauges are used to measure fluid pressures from nearly perfect vacuums to 
about 7000 atm. More accurate measurements of pressures below about 3 atm are provided by 

manometers. 

A manometer is a U-shaped tube partially filled with a fluid of known density (the manome¬ 
ter fluid). When the ends of the tube are exposed to different pressures, the field level drops in 
the high-pressure arm and rises in the low-pressure arm. The difference between the pressures 
can be calculated from the measured difference between the liquid levels in each arm. 

Manometers are used in several different ways, as shown in Figure 3.4-4. In each diagram, 
pressure P\ is greater than pressure Pj- 

Figure 3.4-4a shows an open-end manometer: one end is exposed to a fluid whose pressure 
is to be measured, and the other is open to the atmosphere. Figure 3.4-46 shows a differential 
manometer, which is used to measure the pressure difference between two points in a process 
line. Figure 3.4-4c shows a sealed-end manometer, which has a near-vacuum enclosed at one 
end. (Some of the enclosed fluid will vaporize into the empty space, thereby preventing the 
existence of a perfect vacuum.) If the open end of a sealed-end manometer is exposed to the 
atmosphere (Pi - P a tm) the device functions as a barometer. 
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(a) Open-end ( b) Differential (c) Sealed-end 

FIGURE 3.4-4 Manometers. 
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Fluid 2 
Density p 2 


Manometer fluid 
Density p f 


FIGURE 3.4-5 Manometer variables. 


The formula that relates the pressure difference P\ — Pi to the difference in manometer 
fluid levels is based on the principle that the fluid pressure must be the same at any two points 
at the same height in a continuous fluid. In particular, the pressure at the height of the lower 
surface of a manometer fluid is the same in both arms of the manometer. (See Figure 3.4-5.) 
Writing and equating expressions for the pressures at points (a) and ( b) in Figure 3.4-5 yields 
the general manometer equation 

General Manometer Equation: | P l + p 1 g d 1 = P z + P 2 gd 2 + p t gh j (3.4-5) 

In a differential manometer, fluids 1 and 2 are the same, and consequently p\ = pi = p. 
The general manometer equation then reduces to 


Differential Manometer Equation: 


Pi ~ Pz = (pf - p)gh 


(3.4-6) 


If either fluid 1 or 2 is a gas at a moderate pressure (e.g., if one arm is open to the atmo¬ 
sphere), the density of this fluid is 100 to 1000 times lower than the density of the manometer 
fluid, so that the corresponding pgd term in Equation 3.4-5 may be neglected. If both fluids are 
gases, then the equation becomes 


P\- P 2 = Piffh 

and if both ?! and P 2 are expressed as heads of the manometer fluid, then 


Manometer Formula for Gases: 


Pl~P 2 = h 


(3.4-7) 


If P z is atmospheric pressure, then the gauge pressure at point 1 is simply the difference in the 
levels of the manometer fluid. 
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TEST 

YOURSELF 
(Answers, p. 656) 


Pressure Measurement with Manometers 

1. A differential manometer is used to measure the drop in pressure between two points in a 
process line containing water. The specific gravity of the manometer fluid is 1.05. The measured 
levels in each arm are shown below. Calculate the pressure drop between points 1 and 2 in 
dynes/cm 2 . 



2. The pressure of gas being pulled though a line by a vacuum pump is measured with an open- 
end mercury manometer. A reading of -2 in. is obtained. What is the gas gauge pressure in 
inches of mercury? What is the absolute pressure if P acm = 30 in. Hg? 



1. h = (382 - 374) mm = 8 mm. From Equation 3.4-6, 
Pi - Pi = (pf - p)gh 


(1.05- 1.00) g 

980.7 cm 

1 dyne 

8 mm 

1 cm 

cm 3 

s 2 

1 g-cm/s 2 


10 mm 


40 


dynes 

cm 2 


2. From Equation 3.4-7 and the definition of a gauge pressure, 
P1 — Paan = Pgauge 


-2 in. Hg 


II 


Pi = Patm + Pgauge = (30 - 2) in. Hg = 


28 in. Hg 


1. What is a Bourdon gauge? What range of pressures can it be used to measure? As it is 
normally calibrated, does it measure gauge or absolute pressure? 

2. What is an open-end manometer? A differential manometer? A sealed-end manometer? 
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3. True or false? 

(a) An open-end manometer provides a direct reading of the gauge pressure of a gas. 

(b) A sealed-end manometer provides a direct reading of the absolute pressure of a gas, 
provided that the gas pressure in the sealed end may be neglected. 

(c) The reading of a differential manometer does not depend on the density of the fluid 
in the pipeline but only on that of the manometer fluid. 

4. The pressure of a gas in a pipeline is measured with an open-end mercury manometer. 
The mercury level in the arm connected to the line is 14 mm higher than the level in the 
open arm. What is the gauge pressure of the gas in the line? 


CREATIVITY EXERCISE 

Think of several devices that might be used to measure fluid pressures, being as imaginative as 
you can. ( Example: Allow a gas at the pressure to be measured to fill a calibrated balloon, and 
measure the final balloon diameter.) 


3.5 TEMPERATURE 
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The temperature of a substance in a particular state of aggregation (solid, liquid, or gas) is 
a measure of the average kinetic energy possessed by the substance molecules. Since this en¬ 
ergy cannot be measured directly, the temperature must be determined indirectly by measuring 
some physical property of the substance whose value depends on temperature in a known man¬ 
ner. Such properties and the temperature-measuring devices based on them include electrical 
resistance of a conductor (resistance thermometer), voltage at the junction of two dissimilar 
metals (thermocouple), spectra of emitted radiation (pyrometer), and volume of a fixed mass 
of fluid (thermometer). 

Temperature scales can be defined in terms of any of these properties, or in terms of phys¬ 
ical phenomena, such as freezing and boiling, that take place at fixed temperatures and pres¬ 
sures. You might refer, for example, to “the temperature at which the resistivity of a copper 
wire is 1.92 X 10" 6 ohms/cm 3 ” or to “the temperature two-thirds of the way from the boiling 
point of water at 1 atm to the melting point of NaCl.” 

It is convenient to have, in addition to these physical scales, a simple numerical tempera¬ 
ture scale—among other reasons, so that you do not have to use 25 words to give the value of a 
single temperature. A defined temperature scale is obtained by arbitrarily assigning numerical 
values to two reproducibly measurable temperatures; for example, assign a value of 0 to the 
freezing point of water and a value of 100 to the boiling point of water at 1 atm. The assigned 
values completely specify the scale, since in addition to locating the two points they specify that 
the length of a unit temperature interval (called a degree) is ^ of the distance between the 
two reference points on the scale. 

The two most common temperature scales are defined using the freezing point (Tf) and 
boiling point (7),) of water at a pressure of 1 atm. 


Celsius (or centigrade) scale: 7> is assigned a value of 0°C, and T b is assigned a value of 100°C. 
Absolute zero (theoretically the lowest temperature attainable in nature) on this scale falls 
at -273.15°C. 

Fahrenheit scale: T { is assigned a value of 32°F, and T b is assigned a value of 212°F. Absolute 
zero falls at -459.67°F. 


The Kelvin and Rankine scales are defined such that absolute zero has a value of 0 and the 
size of a degree is the same as a Celsius degree (Kelvin scale) or a Fahrenheit degree (Rankine 
scale). 
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The following relationships may be used to convert a temperature expressed in one defined 
scale unit to its equivalent in another: 


r(K) = T(°C) + 273.15 

(3-5-1) 

T(°R) = T(°F) + 459.67 

(3-5-2) 

T(°R) = 1.8T(K) 

(35-3) 

T(°F) = 1.87(°C) + 32 

(35-4) 


Equations like these always have the form of the equation of a line (y = ax +■ b). If (°A) 
and ( °B ) stand for any two temperature units, to derive the equation for T(°B) in terms of 
T(°A) you must know equivalent values on each scale of two temperatures—say, Ti and 2%. 
Then 

1. Write T(°B) = aT(°A) + b 

2. Substitute T\(°B) and Ti(°A) in the equation—you then have one equation in two un¬ 
knowns (a and b ). Substitute T 2 (°B) and T 2 (°A) to get the second equation in the two 
unknowns, and solve for a and b. 


EXAMPLE 3l5-l\ Derivation of a Temperature Conversion Formula 

Derive Equation 3.5-4 for T(°F) in terms of T(°C). Use T x = 0°C (32°F) and T 2 = 100°C (212 C F). 


SOLUTION 


T(° F) = aT(° C) + b 

Substitute T x : 32 = (a)(0) + b =s> b - 32 

Substitute T z : 212 = (a)(100) + 32 ==> a = 1.8 

Ji 

r(°F) = i.8r(°c) + 32 


A degree is both a temperature and a temperature interval, a fact that sometimes leads to 
confusion. Consider the temperature interval from 0°C to 5°C. There are nine Fahrenheit and 
nine Rankine degrees in this interval, and only five Celsius degrees and five Kelvin. An interval 
of 1 Celsius degree or Kelvin therefore contains 1.8 Fahrenheit or Rankine degrees, leading to 
the conversion factors 

1.8°F 1.8°R 1°F 1°C 

pc’ ik ’ pr’ Ik (3 * s ' 5) 


T(°C) 

0 


1 

. .... 

2 

3 


4 


5 

T{ K)- 

|_ 

273 


274 

275 

-i — 

276 


277 


278 

T(° F) - 

32 

33 

34 

1 

35 

.. .1 ...- 

36 

37 

38 

39 

40 

41 

T(° R) -»■ 

492 

493 

I 

494 

! 

495 

496 

497 

498 

499 

500 

501 
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Note: These conversion factors refer to temperature intervals, not temperatures* For example, 
to find the number of Celsius degrees between 32°F and 212°F you can say that 


Ar(°C) = 


(212 - 32)°F 

1°C 


1.8°F 


= 100°C 


but to find the Celsuis temperature corresponding to 32°F you must use Equation 3.5-4; 
you cannot say 


T(° C) = 


/ 


32°F 

| 1°C 

/ 

1.8°F 


A temperature A temperature 
interval 


TEST 

YOURSELF 
(Answers, p. 656) 


1. Suppose you were given a glass tube with mercury in it but no scale markings, and you 
were given only a beaker of water, a freezer, and a bunsen burner with which to work. 
How would you calibrate the thermometer to provide readings in °C? 

2. Which is warmer, a temperature of 1°C or 1°F? 

3. Which reflects a greater change in temperature, an increase of 1°C or 1°F? 



Temperature Conversion 


Consider the interval from 20°F to 80° F. 


1. Calculate the equivalent temperatures in °C and the interval between them. 

2. Calculate directly the interval in °C between the temperatures. 


SOLUTION 


1. From Equation 3.5-4, 


so that 


T(° C) = 


r(°F) - 32 

1.8 


Ti(20°F) 

T 2 (80°F) 


2 0 - 32 
1.8 

80 - 32 

1.8 


’C = -6.7°C 

! C = 26.6°C 


and 


T 2 -T i = (26.6 - (-6.7))°C = 33.3°C 


2. From Equation 3.5-5, 

AT(°C) = ■ 


ArfF) 

1°C (80 

-20) 9 f| re 


1.8°F 

1.8°F 


= 33.3°C 


4 Some authors have proposed varying the position of the degree symbol to indicate whether a temperature or 
temperature interval is denoted; that is, 5°C refers to a temperature of five degrees Celsius, and 5C 5 means an 
interval of five Celsius degrees. This idea, while an excellent one in principle, has not caught on, so you will have 
to get used to making the distinction yourself from the context in which the unit appears 
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Temperature Conversion and Dimensional Homogeneity 


The heat capacity of ammonia, defined as the amount of heat required to raise the temperature of 
a unit mass of ammonia by precisely 1° at a constant pressure, is, over a limited temperature range, 
given by the expression 





= 0.487 + 229 X 10~ 4 r{°F) 


Determine the expression for C p in J/(g ■ °C) in terms of T(° C). 


SOLUTION 


The °F in the units of C p refers to a temperature interval, while the unit of T is a temperature. The 
calculation is best done in two steps. 


1. Substitute for r(°F) and simplify the resulting equation: 

= 0.487 + 2.29 X 10- 4 [1.8T(°C) + 32] 
= 0.494 + 4.12 X 10~ 4 r(°C) 

2. Convert to the desired temperature interval unit using Equation 3.5-5: 



[0.494 + 4.12 X 10“ 4 T(°C)] 

Ji 


(Btu) 

1.8°F 1 

1J 

llb m 

(lb m -°F) 

1.0°C 

9.486 X 10~ 4 Btu 

454 g 


,g-°c 


* 206 + 1.72 x 10~ 3 T(°C) 


CREATIVITY EXERCISES 

1. Invent several temperature-measuring devices. For each, describe the device, and state what 
you would measure. ( Example: Put a guinea pig on a treadmill in a room and measure the rate 
at which he runs to keep warm.) (Well, it could work.) 

2. Think of as many ways as you can to use a solid block as a temperature-measuring device. 
(Example: Put it in a furnace equipped with a window and observe the color with which it 
glows.) 


3.6 SUMMARY 


In this chapter, we have described how amounts of material, flow rates, compositions, pressures, 
and temperatures are determined from direct measurements or calculated from measurements 
and physical properties. We also have described how to convert between different methods of 
expressing these variables. Here are some highlights. 

• The density of a substance is the ratio of its mass to its volume. For example, the density of 
liquid acetone at 20°C is 0.791 g/cm 3 , so that one cubic centimeter of liquid acetone at 20°C 
has a mass of 0.791 gram. Density can be thought of as a conversion factor between mass and 
volume or between mass flow rate and volumetric flow rate. 

• The specific gravity of a substance is the ratio of the density of the substance to the density of 
a reference material (typically water at 4°C). Specific gravities of many liquids and solids are 
given in Table B.l, with the reference density being that of liquid water at 4°C (1.00 g/cm 3 , 
1.00 kg/L, 62.43 lb m /ft 3 ). The density of a substance is the product of its specific gravity and 
the reference density in the desired units. 

• The atomic weight of an element is the mass of an atom of that element on a scale that as¬ 
signs 12 C a mass of exactly 12. Atomic weights of the elements in their naturally occurring 
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isotopic proportions are listed in the table at the back of the book. The molecular weight of 
a compound is the sum of the atomic weights of the atoms that constitute a molecule of that 
compound. 

• A gram-mole or mol of a compound is the molecular weight of the compound in grams; for 
example, 1 mol H 2 O has a mass of 18.01 grams. A pound-mole or lb-mole is the molecular 
weight in pounds mass; for example, 1 lb-mole H 2 Q has a mass of 18.01 lb m . The molecular 
weight of water may therefore be expressed as 18.01 g/mol, 18.01 lb m /lb-rnole, and so on, and 
it may be used to convert masses to moles or mass flow rates to molar flow rates and vice 
versa. 

• The mass fraction of a component in a mixture is the ratio of the mass of the component to 
the total mass of the mixture. If 100 grams of a mixture contains 30 grams of nitrogen, the 
mass fraction of nitrogen is 0.30 g N 2 /g mixture. (The word “mixture” usually is omitted.) 
The mass fraction is also 0.30 kg N 2 /kg and 0.30 lb m N 2 /lb m , and the percent by mass or 
weight percent of nitrogen is 30%. The mole fraction of a component is defined similarly. If 
10.0 kmol of a mixture contains 6.0 kmol of methanol, the mole fraction of methanol is 
0.60 kmol CH 30 H/kmol (= 0.60 lb-mole CHsOH/lb-mole), and the mole percent of 
methanol is 60%. 

• The average molecular weight of a mixture is the ratio of the total mass to the total number 
of moles of all species. 

• The concentration of a component in a mixture is the ratio of the mass or moles of the com¬ 
ponent to the total mixture volume. The molarity of a component of a solution is the con¬ 
centration of the component expressed in mol/L. 

• The pressure at a point in a fluid (gas or liquid) is the force per unit area that the fluid would 
exert on a plane surface passing through the point. Standard units of fluid pressure are N/m 2 , 
(pascal, or Pa) in the SI system, dyne/cm 2 in the CGS system, and lbf/ft 2 in the American en¬ 
gineering system. The unit lbf/in. 2 (psi) is also common in the American engineering system. 

• The pressure at the base of a vertical column of fluid of density p and height h is given by the 
expression 

P = Po + pgh (3.4-1) 

where P 0 is the pressure exerted on the top of the column and g is the acceleration of gravity. 
This result gives rise to two ways of expressing fluid pressure: as force per unit area (e.g., 
P = 14.7 lbf/in. 2 ) or as an equivalent pressure head, P^ = Pf pg (e.g., P^ = 760 mm Hg), 
the height of a column of the specified fluid with zero pressure at the top that would exert 
the specified pressure at the bottom. 

• The earth’s atmosphere can be considered a column of fluid with zero pressure at the top. The 
fluid pressure at the base of this column is atmospheric pressure or barometric pressure, P atm , 
Although atmospheric pressure varies with altitude and weather conditions, its value at sea 
level is always close to 1.01325 x 10 s N/m 2 (= 14.696 lb f /in. 2 = 760 mm Hg). This pressure 
value has been designated 1 atmosphere. Other equivalents to 1 atm in different units are 
given on the inside front cover of this text. 

• The absolute pressure of a fluid is the pressure relative to a perfect vacuum (P = 0). The 
gauge pressure is the pressure relative to atmospheric pressure: P %m%t = P abs - P Mm . Com- 
mon pressure gauges like a Bourdon gauge and an open-end manometer provide a direct 
reading of gauge pressure. If atmospheric pressure is not known from a weather report or a 
barometer reading, a value of P atm = 1 atm is usually reasonable to assume when converting 
between absolute and gauge pressure. 

• Temperature scales are obtained by assigning numerical values to two experimentally repro¬ 
ducible temperatures. For example, the Celsius scale is obtained by assigning a value of 0°C 
to the freezing point of pure water at 1 atm and a value of 100°C to the boiling point of pure 
water at 1 atm. A temperature of 40°C is consequently shorthand for “the temperature 40% 
of the way from the freezing point of water at 1 atm to the boiling point of water at 1 atm.” 

• The four most common temperature scales are Celsius (°C), Fahrenheit (°F), and the ab¬ 
solute temperature scales Kelvin (K) and Rankine (°R). Temperatures expressed in one of 
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these scales may be converted to equivalent temperatures in another scale using Equations 
3.5-1 through 3.5-4. 

Temperatures should not be confused with temperature intervals. For example, a tempera¬ 
ture of 10°C is equivalent to a temperature of 50°F (from Equation 3.5-4), but a temperature 
interval of 10°C (e.g., the interval between T = 10°C and T = 20°C) is equivalent to a tem¬ 
perature interval of 18°F (the interval between 50°F and 68 °F). An interval of 1 Celsius 
degree or 1 Kelvin is equivalent to 1.8 Fahrenheit or Rankine degrees. 

Note: This would be a good time to work through the first interactive tutorial. 


P ROBLEMS 3.1, Perform the following estimations without using a calculator. 

(a) Estimate the mass of water (kg) in an Olympic-size swimming pool. 

(b) A drinking glass is being filled from a pitcher. Estimate the mass flow rate of the water (g/s). 
(e) Twelve heavyweight boxers coincidentally get on the same elevator in Great Britain. Posted on 

the elevator wall is a sign that gives the maximum safe combined weight of the passengers, W„, ax , 
in stones (1 stone = 14 lb m ** 6 kg). If you were one of the boxers, estimate the lowest value of 
IFmax for which you would feel comfortable remaining on the elevator. 

(d) An oil pipeline across Alaska is 4.5 ft in diameter and 800 miles long. How manv barrels of oil 
are required to fill the pipeline? 

(e) Estimate the volume of your body (cm 3 ) in two different ways. (Show your work.) 

(f) A solid block is dropped into water and very slowly sinks to the bottom. Estimate its specific 
gravity. 


3.2. Calculate densities in lb m /ft 3 of the following substances: 

(a) a liquid with density of 995 kg/m 3 . Use (i) conversion factors from the table on the inside front 
cover and (ii) Equation 3.1-2. 

(b) a solid with a specific gravity of 5.7. 
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The specific gravity of gasoline is approximately 0.70, 

(a) Determine the mass (kg) of 50.0 liters of gasoline. 

(b) The mass flow rate of gasoline exiting a refinery tank is 1150 kg/min. Estimate the volumetric 
flow rate in liters/s. 

(c) Estimate the average mass flow rate (lb m /min) delivered by a gasoline pump. 

(d) Gasoline and kerosene (specific gravity = 0.82) are blended to obtain a mixture with a specific 
gravity of 0.78. Calculate the volumetric ratio (volume of gasoline/volume of kerosene) of the 
two compounds in the mixture, assuming V blend = V gasoline + V kerosene . 

Assume the price of gasoline in France is approximately 5 French francs per liter and the exchange 
rate is 5.22 francs per U.S. dollar. How much would you pay, in dollars, for 50.0 kg of gasoline in 
France, assuming gasoline has a specific gravity of 0.70. What would the same quantity of gasoline 
cost in the United States at a rate of $ 1.20 per gallon? 


3.5. Liquid benzene and liquid n-hexane are blended to form a stream flowing at a rate of 700 lb m /h. 
An on-line densitometer (an instrument used to determine density) indicates that the stream has a 
density of 0.850 g/mL. Using specific gravities from Table B.l, estimate the mass and volumetric feed 
rates of the two hydrocarbons to the mixing vessel (in American engineering units). State at least 
two assumptions required to obtain the estimate from the recommended data. 


3.6. At 25°C, an aqueous solution containing 35.0 wt% H 2 SO 4 has a specific gravity of 1.2563. A quantity 
of the 35% solution is needed that contains 195.5 kg of H2SO4. 

(a) Calculate the required volume (L) of the solution using the given specific gravity. 

(b) Estimate the percentage error that would have resulted if pure-component specific gravities of 
H 2 SO 4 (SG = 1.8255) and water had been used for the calculation instead of the given specific 
gravity of the mixture. 


3.7. A rectangular block of solid carbon (graphite) floats at the interface of two immiscible liquids. 
The bottom liquid is a relatively heavy lubricating oil, and the top liquid is water. Of the total 
block volume, 54.2% is immersed in the oil and the balance is in the water. In a separate ex¬ 
periment, an empty flask is weighed, 35.3 cm 3 of the lubricating oil is poured into the flask, and 
the flask is reweighed. If the scale reading was 124.8 g in the first weighing, what would it be in 
the second weighing? ( Suggestion: Recall Archimedes’ principle, and do a force balance on the 
block.) 
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3.8. A rectangular block floats in pure water with 0.5 in. above the surface and 1.5 in. below the sur¬ 
face. When placed in an aqueous solution, the block of material floats with 1 in. below the surface. 
Estimate the specific gravities of the block and the solution. ( Suggestion: Call the horizontal cross- 
sectional area of the block A. A should cancel in your calculations.) 

3.9. An object of density p a , volume V a , and weight W 3 is thrown from a rowboat floating on the surface 
of a small pond and sinks to the bottom. The weight of the rowboat without the jettisoned object is 
W b . Before the object was thrown out. the depth of the pond was h pl , and the bottom of the boat 
was a distance h bl above the pond bottom. After the object sinks, the values of these quantities are 
h P 2 and h b2 . The area of the pond is A p ; that of the boat is A b . A b may be assumed constant, so that 
the volume of water displaced by the boat is A b (h p - h b ). 

(a) Derive an expression for the change in the pond depth (h p2 - h pl ). Does the liquid level of the 
pond rise or fall, or is it indeterminate? 

(b) Derive an expression for the change in the height of the bottom of the boat above the bottom of 
the pond (h b2 — h bi ). Does the boat rise or fall relative to the pond bottom, or is it indeterminate? 

3.10. Limestone (calcium carbonate) particles are stored in 50-L bags. The void fraction of the particulate 
matter is 0.30 (liter of void space per liter of total volume) and the specific gravity of solid calcium 
carbonate is 2.93. 

(a) Estimate the bulk density of the bag contents (kg CaC0 3 /liter of total volume). 

(b) Estimate the weight (IV) of the filled bags. State what you are neglecting in your estimate. 

(c) The contents of three bags are fed to a ball mill, a device something like a rotating clothes 

dryer containing steel balls. The tumbling action of the balls crushes the limestone particles and 
turns them into a powder. (See pp. 20-31 of Perry's Chemical Engineers’ Handbook, 7th ed.) 
The limestone coming out of the mill is put back into 50-L bags. Would the limestone (i) just fill 
three bags, (ii) fall short of filling three bags, or (iii) fill more than three bags? Briefly explain 
your answer. ' 1 

3.11. A useful measure of an individual’s physical condition is the fraction of his or her body that con¬ 
sists of fat. This problem describes a simple technique for estimating this fraction by weighing the 
individual twice, once in air and once submerged in water. 

(a) A man has body mass m b = 122.5 kg. If he stands on a scale calibrated to read in newtons, 
what would the reading be? If he then stands on a scale while he is totally submerged in water 
at 30°C (specific gravity = 0.996) and the scale reads 44.0 N, what is the volume of his body 
(liters)? {Hint: Recall from Archimedes’ principle that the weight of a submerged object equals 
the weight in air minus the buoyant force on the object, which in turn equals the weight of water 
displaced by the object. Neglect the buoyant force of air.) What is his body density, p b (kg/L)? 

(b) Suppose the body is divided into fat and nonfat components, and that X f (kilograms of 
fat/kilograms of total body mass) is the fraction of the total body mass that is fat: 


Prove that 


J_ _ _1_ 

_Pb Pnf 

” X7X 

Pf Pnf 

where pb, Pf. and p nf are the average densities of the whole body, the fat component, and the non¬ 
fat component, respectively. [ Suggestion: Start by labeling the masses (m, and m b ) and volumes 
(V t and Vb) of the fat component of the body and the whole body, and then write expressions 
for the three densities in terms of these quantities. Then eliminate volumes algebraically and 
obtain an expression for mf/m b in terms of the densities. 5 ] 

(c) If the average specific gravity of body fat is 0.9 and that of nonfat tissue is 1.1, what fraction of 
the man’s body in part (a) consists of fat? 

(d) The body volume calculated in part (a) includes volumes occupied by gas in the digestive tract, 
sinuses, and lungs. The sum of the first two volumes is roughly 100 mL and the volume of the 


s If you can’t work out the proof, take the given formula as valid and proceed to the next part. 
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lungs is roughly 1.2 liters. The mass of the gas is negligible. Use this information to improve your 
estimate of x f . J 

3.12. Aqueous solutions of the amino acid L-isoleucine (lie) are prepared by putting 100.0 grams of pure 
water into each of six flasks and adding different precisely weighed quantities of lie to each flask. 
The densities of the solutions at 50.0 ± 0.05°C are then measured with a precision densitometer with 
the following resuits: 


r (g Ile/100 g H 2 0) 

0.0000 

0.8821 

1.7683 

2.6412 

3.4093 

^2064 | 

p (g solution/cm 3 ) 

0.98803 

0.98984 

0.99148 

0.99297 

0.99439 

1 

0.99580 


(a) Plot a calibration curve showing the mass ratio, r. as a function of solution density, p , and fit a 
straight line to the data to obtain an equation of the form r = ap + b. 

(b) The volumetric flow rate of an aqueous He solution at a temperature of 50°C is 150 L/h. The 
density of a sample of the stream is measured at 50°C and found to be 0.9940 g/cm 3 . Use the 
calibration equation to estimate the mass flow rate of lie in the stream (kg Ile/h). 

(c) It has just been discovered that the thermocouple used to measure the stream temperature was 
poorly calibrated and the temperature was actually 47° C. Would the lie mass flow rate calculated 
in part (b) be too high or too low? State any assumption you make and briefly explain your 
reasoning. 

3.13. Before a rotameter can be used to measure an unknown flow rate, a calibration curve of flow rate 
versus rotameter reading must be prepared. A calibration technique for liquids is illustrated below. 
A flow rate is set by adjusting the pump speed; the rotameter reading is recorded, and the effluent 
from the rotameter is collected in a graduated cylinder for a timed interval. The procedure is carried 
out twice for each of several pump settings. 



Rotameter 

Reading 

Collection 
Time (min) 

Volume 

Collected (cm 3 ) 

2 

1 

297 

2 

1 

301 

4 

1 

454 

4 

1 

448 

6 

0.5 

300 

6 

0.5 

298 

8 

0.5 

371 

8 

0.5 

377 

10 

0.5 

440 

10 

0.5 

453 


(a) Assuming the liquid is water at 25°C, draw a calibration curve of mass flow rate, m (kg/min), 
versus rotameter reading, R, and use it to estimate the mass flow rate of a water stream for 
which the rotameter reading is 5.3. 

(b) The mean difference between duplicates, provides an estimate of the standard deviation of 
a single measurement, which was given the symbol s, on p. 18 of Chapter 2: 


■~D, = 0.8862A 


Moreover, confidence limits on measured values can be estimated to a good approximation us¬ 
ing the mean difference between duplicates. For example, if a single measurement of Y yields a 
value ^measured, then there is a 95% probability that the true value of Y falls within the 95% 
confidence limits (^measured - 1.74D,) and (K raeasured + 1,74£>,). 6 For a measured flow rate of 
610 g/min, estimate the 95% confidence limits on the true flow rate. 


*W. Volk, Applied Statistics for Engineers, McGraw-Hill, New York, pp. 113-115,1958. 
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crystallizer, 
filter, dryer 


3.14. How many of the following are found in 15.0 kmol of benzene (C^H*)? (a) kg QH6; (b) mol C 6 H 6 ; 
(c) lb-mole QH 6 ; (d) mol (g-atom) C; (e) mol H; (f) g C; (g) g H; (h) molecules of C^H*. 

3.15. Liquid toluene is flowing through a pipe at a rate of 175 m 3 /h. 

(a) What is the mass flow rate of this stream in kg/min? 

(b) What is the molar flow rate in mol/s? 

(e) In fact, the answer to part (a) is only an approximation that is almost certain to be slightly in 
error. What did you have to assume to obtain the answer? 

3.16. A mixture of methanol and methyl acetate contains 15.0 wt% methanol. 

(a) Using a single dimensional equation, determine the g-moles of methanol in 200.0 kg of the mix¬ 
ture. 

(b) The flow rate of methyl acetate in the mixture is to be 100.0 Ib-mole/h. What must the mixture 
flow rate be in !b ra /h? 

3.17. The feed to an ammonia synthesis reactor contains 25 mole% nitrogen and the balance hydrogen. 
The flow rate of the stream is 3000 kg/h. Calculate the rate of flow of nitrogen into the reactor in 
kg/h. ( Suggestion: First calculate the average molecular weight of the mixture.) 

3.18. A suspension of calcium carbonate particles in water flows through a pipe. Your assignment is to 
determine both the flow rate and the composition of this slurry. You proceed to collect the stream in 
a graduated cylinder for 1.00 min; you then weigh the cylinder, evaporate the collected water, and 
reweigh the cylinder. The following results are obtained: 

Mass of empty cylinder: 65.0 g 

Mass of cylinder + collected slurry: 565 g 

Volume collected: 455 mL 

Mass of cylinder after evaporation: 215 g 

Calculate 

(a) the volumetric flow rate and mass flow rate of the suspension. 

(b) the density of the suspension. 

(c) the mass fraction of CaCOj in the suspension. 

3.19. A mixture is 10.0 moie% ethyl alcohol, 75.0 mole% ethyl acetate (C 4 H 8 0 2 ), and 15.0 mole% acetic 
acid. Calculate the mass fractions of each compound. What is the average molecular weight of the 
mixture ? What would be the mass (kg) of a sample containing 25.0 kmol of ethyl acetate? 

3.20. Certain solid substances, known as hydrated compounds, have well-defined molecular ratios of water 
to some other species, which often is a salt. For example, calcium sulfate dihydrate (commonly known 
as gypsum, CaS0 4 • 2H 2 0), has 2 moles of water per mole of calcium sulfate; alternatively, it may 
be said that 1 mole of gypsum consists of 1 mole of calcium sulfate and 2 moles of water. The water 
in such substances is called water of hydration. (More information about hydrated salts is given in 
Chapter 6.) 

Solid gypsum is formed in a crystallizer and leaves that unit as a slurry (a suspension of solid 
particles in a liquid) of solid gypsum particles suspended in an aqueous CaS0 4 solution. The slurry 
flows from the crystallizer to a filter in which the particles are collected as a filter cake. The filter 
cake, which is 95.0 wt% solid gypsum and the remainder CaS0 4 solution, is fed to a dryer in which 
all water (including the water of hydration in the crystals) is driven off to yield anhydrous (water- 
free) CaS0 4 as product. A flowchart and relevant process data are given below. 

Solids content of slurry leaving crystallizer: 0.35 kg CaS0 4 * 2H 2 0/L slurry 
CaS0 4 content of slurry liquid: 0.209 g CaSO 4 /100 g H 2 0 
Specific gravities: CaS0 4 • 2H 2 0(s), 2.32; liquid solutions, 1.05 


CaS0 4 (aq) 


CRYSTALLIZER 


Slurry 


1 Filter cake 


Incompletely labeled flowchart 


Water 

vapor 


Filtrate 
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(a) Briefly explain in your own words the functions of the three units (crystallizer, filter, and dryer). 

(b) Take a basis of one liter of solution leaving the crystallizer and calculate the mass (kg) and 
volume (L) of solid gypsum, the mass of CaS0 4 in the gypsum, and the mass of CaS0 4 in the 
liquid solution. 

(c) Calculate the percentage recovery of CaS0 4 —that is, the percentage of the total CaS0 4 (pre¬ 
cipitated plus dissolved) leaving the crystallizer recovered as solid anhydrous CaS0 4 . 

3.21. Things were going smoothly at the Breaux Bridge Drug Co. pilot plant during the midnight to 8 a.m. 
shift until Therese Lagniappe, the reactor operator, let the run instruction sheet get too dose to the 
Coleman stove that was being used to heat water to prepare Lagniappe’s bihouriy cup of Community 
Coffee. What followed ended in a total loss of the run sheet, the coffee, and a substantial portion of 
the novel Lagniappe was writing. 

Remembering the less than enthusiastic reaction she got the last time she telephoned her super¬ 
visor in the middle of the night, Lagniappe decided to rely on her memory of the required flow-rate 
settings. The two liquids being fed to a stirred-tank reactor were circulostoic acid (CSA: MW = 
75, SG = 0.90) and flubitol (FB: MW = 90, SG = 0.75). The product from the system was a popu¬ 
lar over-the-counter drug that simultaneously cures high blood pressure and clumsiness. The molar 
ratio of the two feed streams had to be between 1.05 and 1.10 mol CSA/mol FB to keep the con¬ 
tents of the reactor from forming a solid plug. At the time of the accident, the flow rate of CSA was 
45.8 L/min. Lagniappe set the flow of flubitol to the value she thought had been in the run sheet: 
55.2 L/min. Was she right? If not, how would she have been likely to learn of her mistake? (Note: 
The reactor was stainless steel, so she could not see the contents.) 

3.22. A mixture of ethanol (ethyl alcohol) and water contains 60.0% water by mass. 

(a) Assuming volume additivity of the components, estimate the specific gravity of the mixture at 
20°C. What volume (in liters) of this mixture is required to provide 150 mol of ethanol? 

(b) Repeat part (a) with the additional information that the specific gravity of the mixture at 20°C 
is 0.93518 (making it unnecessary to assume volume additivity). What percentage error results 
from the volume additivity assumption? 

3.23. A mixture of methane and air is capable of being ignited only if the mole percent of methane is 
between 5% and 15%. A mixture containing 9.0 mole% methane in air flowing at a rate of 700. kg/h 
is to be diluted with pure air to reduce the methane concentration to the lower flammability limit. 
Calculate the required flow rate of air in mol/h and the percent by mass of oxygen in the product gas. 
(Note: Air may be taken to consist of 21 mole% O 2 and 79% Nj and to have an average molecular 
weight of 29.0.) 

3.24. A liquid mixture is prepared by combining N different liquids with densities p\, pi, ■ ■■ , Pn • The 
volume of component i added to the mixture is V, and the mass fraction of this component in the 
mixture is x t . The components are completely miscible. 

Determine which of the following two formulas should be used to estimate the density of the 
liquid mixture, p, if the volume of the mixture equals the sum of the pure-component volumes. 7 


P - X XiPi (A) 


i — XT' 

P ~ ITT P‘ 


(B) 


• 

Equipment 

Encyclopedia 

gas chromatograph 


Determine whether (A) or (B) is the correct formula (show your proof), and then use the correct 
formula to estimate the density (g/cm 3 ) of a iiquid mixture containing 60.0 wt% acetone, 25.0 wt% 
acetic acid, and 15.0 wt% carbon tetrachloride. 

A gaseous mixture of CO, CO 2 , CH 4 , and N 2 is analyzed with a gas chromatograph (see Problem 
3.26). The output appears on a strip-chart recorder, as shown here. 

CO co 2 

I Area = 40 Area = 80 

CH 4 

Area = 25 

A. 




’This is an approximation for most liquids, unlike the exact statement that the mass of the mixture is the sum of 
the component masses. 
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For each of the three species, the area under the peak is approximately proportional to the number 
of moles of the indicated substance in the sample. From other information, it is known that the molar 
ratio of methane {CH 4 ) to nitrogen is 0.200. 

(a) What are the mole fractions of the four species in the gas? 

(b) What is the average molecular weight of the gas? 

*3.26. A gas chromatograph (GC) is a device used to separate the components of a sample of a gas or liquid 
mixture and to provide a measure of the amount of each component in the sample. The output from 
a chromatographic analysis typically takes the form of a series of peaks on a strip-chart recorder. 
(See the preceding problem.) Each peak corresponds to a specific component, and the area under 
the peak is proportional to the amount of that component in the sample [n,(mol) = k;A,, where 
Aj is the area of the peak corresponding to the ith species]. The proportionality constants (Jfcj) are 
determined in separate calibration experiments in which known amounts of the components are 
injected into the GC sample port and the corresponding peak areas are measured. 

(a) Prepare a spreadsheet to calculate the composition of a mixture from a set of peak areas ob¬ 
tained from a chromatograph. The spreadsheet should appear as follows: 


Sample 

Species 

MW 

k 

Peak 

Area 

Mole 

Fraction 

Mass 

Fraction 

1 

CH4 

16.04 

0.150 

3.6 

_ 

_ 


C2H6 

30.07 

0.287 

2.8 

— 

— 


C3H8 

— 

0.467 

I 2.4 

— 

0.353 


C4H10 


0.583 

1.7 

— 

— 

2 

CH4 

16.04 

0.150 

7.8 

_ 

_ 


C2H6 

* 


2.4 




You may use additional columns to store intermediate quantities in the calculation of the mass 
and mole fractions. In the actual spreadsheet, the dashes (—) would be replaced by numbers. 

Test your program on data for five mixtures of methane, ethane, propane, and n-butane. 
The k values for these species are those given in the above table, and the measured peaks are 
given below. For example, the area of the methane peak for the first mixture is 3.6, the area of 
the ethane peak for the same mixture is 2 . 8 , and so on. 


Sample 

A t 

A 2 

a 3 

a 4 

1 

3.6 

2.8 

2.4 

1.7 

2 

7.8 

2.4 

5.6 

0.4 

3 

3.4 

4.5 

2.6 

0.8 

4 

4.8 

2.5 

1.3 

0.2 

5 

6.4 

7.9 

4.8 

2.3 


(b) Write a computer program (not a spreadsheet) to perform the same task—that is, calculate mole 
and mass fractions from measured chromatographic peak areas. The program should perform 
the following steps: 

i. read in N, the number of species to be analyzed; 

ii. read in Aft, M 2 , M 3 ,..., Mm, the molecular weights of the species; 

iii. read in k\, k 2 , £ 3 ,..., k N , the calibration constants for the species; 

iv. read in N d , the number of chromatographic analyses performed; 

v. for the first analysis, read in the measured peak areas A\,A 2 , A $,..., A N ; 


♦Computer problem. 
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vi calculate and print out the sample number, the mole fractions of each species in the sample, 
and the mass fractions of each species in the sample; 
vi|. Repeat steps v and vi for each of the remaining analyses. Test your program on the five- 

sample data set given in part (a). 

3 27 Biomass combustion —burning of forests, grasslands, agricultural wastes and other biological 
matter—is recognized as a serious threat to the environment? The table beU>w shows the distribu¬ 
tion of carbon-containing compounds released to the atmosphere worldwide from all combustion 
sources as well as the portion coming from biomass burning. 


Compound 

Metric Tons C, 
All Sources 

Metric Tons C, 

% from Biomass 

co 2 

8700 

40 

CO 

1100 

26 

ch 4 

380 

10 



me numbers in the middle column reflect annual quantities, of«^ 

in the indicated compound; for example, 8700 metric tons of carbon (8.7 x 10 kg C) was 

(al^Determhie^he combined annual release (in metric tons) of all three species resulting from 
biomass combustion and the average molecular weight of the combined gases. 

(b) Find a reference on atmospheric pollution and list the environmental hazards associated with 
CO and CO, release. What other elements might be released in environmentally hazardous 
forms if biomass is burned? 

3.28. A 5.00-wt% aqueous sulfuric acid solution (p = 1.03 g/mL) flows through a 45-m long pipe with a 
6.0 cm diameter at a rate of 87 Umin. 

(a) What is the molaritv of sulfuric acid in the solution? . .. \ 

(bl How long (in seconds) would it take to fill a 55-gallon drum, and how much sulfunc acid (lb„) 
would the drum contain? (You should arrive at your answers with tw0 f croS. 

(c) TTie mean velocity of a fluid in a pipe equals the volumetric flow rate divided by the cross 
sectional area noLl to the direction of flow. Use this information to estimate how long (m 
seconds) it takes the solution to flow from the pipe inlet to the outlet. 

3.29, A gas stream contains 18.0 mote% hexane and the remainder nitrogen me stream flows to a 
denser where its temperature is reduced and some of the hexane is liquefied, me hexane mole 
fraction m the gas streEi leaving the condenser is 0.0500. Liquid hexane condensate is recovered at 
s ratp. of 1.50 L/min. 


C 6 H lA (18.0 mole%) 


| CgHu (5.00 mole 1 ! 






Liquid condensate 
1 . 50 LC 6 H u (Iiq)/mtn 


(a) What is the flow rale ot the gas stream leaving the condenser m moUmin? {««•?>* 

the molar flow rate of the condensate and note that the rates at which QH l4 and N 2 enter the 
unit must equal the total rates at which they leave in the two exit streams.) 

(b) What percentage of the hexane entering the condenser is recovered as a liquid. 

3 3ft me little known rare earth element nauseum (atomic weight = 172) has the interesting property 
“5SU h everything bu, 12-year-oid bourbon, this curious factr was 
ered in 'the laboratory of Professor Ludwig von Schlimazel, the eminent German chem 


8 Chemical & Engineering News, 68,4(March26,1990). 
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invention & thuf hmliiuhnn^ won him lb* Kobel hnsw- Having utisuccesatLlJy tried ui tlisicsave nau~ 
scum in 754J differed!, inj vents our a lb-year period. SchUmiZEJ Iknalty cant-* tu the. ,*J mi. of C?W 
Aafdv&Efc BotiLtd-ui-Ekwid th.it was line only remain mg Liquid in hi; laboratory Always idling to 
SU[[-if person ,i5 loss 10 she ILBttve of saejiM Sctliniirarl calculated the amount of imuau UHL needed to 
make iip afliftj molar sata-hem. put The Aardvyjit bottle on ihje da?k of Jiis- faithful technician Edgar 
t' Se'lj'ra. weighed -mat I hr lv Iui I;lI ad artlOUQt of i! aiLifcum nnrf pm it next DO the hnftlii Jrtd then 
wrote Lhe message that hri-. become pan of hisEney- 

“Ed SitUsra Add jwiiaeumr 

Hrtw innny grams of niMtseum did be wsieIl out? 1 Neglect the change ui iiq irid volume resuhinii fiom 
Ih-r nauseuru add.ticML i 

3J-L ilu: reaction A -- fl is carried aal in a ‘laboratory reactor. According to a jmbLalted artlde the 
coHcttluatioai ot A should \n rv with lime an follow. 

Ca “ CAOiexpf-fetJ 

where Cm i*ihe ini rial concede* iioa of A Ln the rcutetor And k & n coMi-ant 
Ml If C A and C'ajg iwe w Ih-moLesti 1 indl l a in minutes whnl me the 'jmli of fr'-‘ 
fbl The tbLlowmg data tire taken fox C A [f|; 


r(inin) 

CA^IEmioktrTi'J 

i>J 


1JU 

0.&4 

LJ 

0,(^ 

2.0 

0.56 

3.(1 

D.JtE 

5.® 

0,17 

10.0 

0,01 


Verify Lhe propusisiJ ral e law graphically (flrsE determine what pint should victd a ELraighUincJ, 
and calculate and ft. 

(ck Convert the formula with the caJcJaTed consiasus included to art etpresstfin io<f the molarity nr 

A ui thfc rfiiCtUin mix! Ji-e in Lermi of rfseotJiiLlsO. CaEcutale mofflrilv at r - 3fHJs. 

3 3L Periom Lhe EoElowmg pressure oonvenrbous. assuming wbc a neeastai y th« atnyitpIberL; pMMii re ih 
3 atm, Unless ^berwse SLited. :ile given pressures are absolulc. 

|*| 2500 iiuli Kg to «i 
fh| 27? fi || : 0 tn kPa 

ic| 3.00 stm to 

■nil ISO era Hg Lu d>Tisliir 

tel 20ertft Hg Of VaiUUm Ut aim fltfriotULe) 

lH 75 0 p^-g to mm Kg tgnoge) 

UI 25j 0 pi.g to mm Hg (absoluiej 
ihl 325 mm Jig I-* mm 31a gauge 
ill 35.0 ps-: to cm of carbon (ttlflchtonde 

JJ3. A ncrage innlc eumainkig oil (SC = (i.9i| is L0J0 mcEets .ugh ane Eo.ft mcieES-in diameter The sar.k 
isdoseti, bat the amount or oil it cuntmns fcnf determine J ftium tht (tnuge presiriTe al the bottom 

1*1 A pressure gauge i3oruice:ed thd boEwim of die tank, was -calibrated with the inp of the !;ki>lr 
nprin ;u tie uiirsijipherie The calibroctoneurjc i; u plmof HcichLriJfoiL. ^tmi, vi:i.ui/ li luJn! !kPal. 
Sketch rhe espected dupL uf Lhi^ploL W3 lut height of oil wuuio IcjlI lo a jgaugjc rending ut frii 
k.P;i 1 Whtii vH.'udd be Hi: miatkgjoFuil in lbs Lank D•Krr!i^pl^l,b^g to thiihecgjil? 

|h| An nperacur observes ihnE Lhe pteisLirs reading n fiJ 5 lcPU find bbtt: tie cornespulidliljt 

liquid height fiotn thecaJibtation curve- Whui lie did nni know was dun the abw>luie: pressure 
above :li - liquid aUrEoce in tliL tank wa* 1L3 [Pa when 3k- read the gaute Wlial b lbs KltiaJ 
hcifihl of lhe oil7 i Assurv? almiBpJiiefiC pressiita n |fJl kp^ I 
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3.3-1. A [C^uniuin i block of iRieli i f. and tociftmial crosa-bcciaond] aura a Haiti at the interfacs hei i*een 
two irTiRtiKiWe IjLjuith. j l . \hoLVfi lx? rm. 




bmipmam 

liKli'] 


^ a > lurniuLafOf lilts hloilidsTHfirly.p,, inleirtM nf the flu id UeiHiiriie ,J. Jhd f -, die beiehlj*!, 

. ,ind and Lb? crra-ratimu] ars4 A. (It is aoc itecessary dial h ji u f these variables appeal 
m the final nsulL j 

F{ircc batadces an ihe black can becaJcuSawid m iun ways:i j m isms of (he weighl afdns bk** 
the liMdrosiaticfoiroskm [he tpper and lower allocls surface*', jad 4 Li^ Lr. tern* at due -w?i.[lti 

Of die Neck niLTt Ihe buoyant fpws Oil lile Ir.wk us expressed by Archimedes' pnpcjple. Pto^ 
dial these two flpprMtcbta jre ^qvivalenf, 

3J5. The vtewim window in 3 diving suit has an utm of roughly &5 «»-. If an aite-nfL were m^dc to 
1 : 1.1 in l.r.n lb? presaurc on the inside of Live Fuji at [ Mm, -vhuL farce fN and 11 V w^yld I be wiiudrw 
have to iMrltsiund it die diver descended to * depdt uJ m Tbke the specific u^kiiv uf the water 
iv fee Ltt5. 

l.Ht Tie srtuj FSnsJon molasses flood -JcciiTTed on Jannurj 15, 1910. In iL, 2.1 million gaff*™ of CfUdu 
rnol»M& dnwed fturti a in-foot high storage tank that rupLuietk killing 2 L people ond uijurtnt |?1 
The tSLionibsd spedlie gravity of crude IKlCflaJSeJ is U Whsl wen* ift* rtiu-« Ol rtiuJuMifi in the" runi 
m ](>„, and the pregsurre at the bottom oi the link Lit Lb;.'m ’* Give ai least two possible cu-jusesyf the 

rra|*dV- 

UT. The cticmirsi jeaemi jbuwn below n as a cover -leaned: ;i fir.sd'f lhat is held in pJaec by a s^n^s of 
tHlhS. I he head is nude uf sta inless wed (SG - S.Q}, is J In, thick. has a dimncler ot 2X tn.. and 
coven and seals .in opening 30 in., in diameter nuirtig. iurnewund. when iht reactor is LuLen out 
hi jutvicc for cfeming and repnir «ht bend wna reoiitved by an opTRlor who ihoiiekt die ilul- 
tor had bteo ikpes>anc«d using a ExnrdarO reriiibg prow Jura. However, die fMaisuiu ? -;iubc 
been. Ujmascd io *□ ea r :icr UpieL (Lbe reacLoc pressure hfiti escecded Lhe upper luntt'ufdie 

gaujef, and instead oE beiog depressuristd pjmplctvly, the vessel w-os umler a R.nii S e pressurr o£ 
10 psi. 



00 frtr« (Ibjj wete Uus bolts evening oa Uic head before ihcy -were renwvrf^ (W«t iJnn'l 
forjs?I 1 hut u pre^ture ^ execLcd. oil Ltw i-op oi die heHti by ihe autitrfphcrL.'i Wlitu happened 
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when the last bolt was removed by the operator? Justify your prediction by estimating the initial 
acceleration of the head upon removal of the last bolt. 

(b) Propose an alteration in the turnaround procedure to prevent recurrence of an incident of this 
kind. 

3.38. In the movie The Drowning Pool , private detective Lew Harper (played by Paul Newman) is trapped 
by the bad guy in a room containing a swimming pool. The room may be considered rectangular, 
5 meters wide by 15 meters long, with an open skylight window 10 meters above the floor. There is a 
single entry to the room, reached by a stairway: a locked 2-m high by 1-m wide door, whose bottom 
is 1 meter above the floor. Harper knows that his enemy will return in eight hours and decides he 
can escape by filling the room with water and floating up to the skylight. He plugs the drain with his 
clothes, turns on the water valves, and prepares to put his plan into action. 

(a) Prove that if the door is completely under water and h is the distance from the top of the door 
to the surface of the water, then the net force exerted on the door satisfies the inequality 


F > PihoghAd oor 
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(Don’t forget that a pressure is also exerted on the door by the outside air.) 

(b) Assume that water enters the room at about five times the rate at which it enters an average 
bathtub and that the door can withstand a maximum force of 4500 newtons (about 1000 Ibf). 
Estimate (i) whether the door will break before the room fills and (ii) whether Harper has time 
to escape if the door holds. State any assumptions you make. 

3.39. A housing development is served by a water tower with the water level maintained between 
20 and 30 meters above the ground, depending on demand and water availability. Responding 
to a resident’s complaint about the low flow rate of water at his kitchen sink, a representative of 
the developer came and measured the water pressure at the tap above the kitchen sink and at the 
junction between the water main (a pipe connected to the bottom of the water tower) and the feed 
pipe to the house. The junction is 5 m below the level of the kitchen tap. All water valves in the 
house were turned off. 

(a) If the water level in the tower was 25 m above tap level, what should be the gauge pressures 
(kPa) at the tap and junction? 

(b) Suppose the pressure measurement at the tap was lower than your estimate in part (a), but the 
measurement at the junction was as predicted. State a possible explanation. 

(c) If pressure measurements corresponded to the predictions in part (a), what else could be re¬ 
sponsible for the low water flow to the sink? 

3.40. Two mercury manometers, one open-end and the other sealed-end, are attached to an air duct. The 
reading on the open-end manometer is 25 mm and that on the sealed-end manometer is 800 mm. 
Determine the absolute pressure in the duct, the gauge pressure in the duct, and the atmospheric 
pressure, all in mm Hg. 

3.41. Three different liquids are used in the manometer shown here. 
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(a) Derive an expression for P\ - P 2 in terms of p A , p B , pc, h\, and h 2 . 

(b) Suppose fluid A is methanol, B is water, and C is a manometer fluid with a specific gravity of 
1.37; pressure P 2 = 121.0 kPa; hi = 30.0 cm; and h 2 = 24.0 cm. Calculate Pi (kPa). 

The level of toluene (a flammable hydrocarbon) in a storage tank may fluctuate between 10 and 
400 cm from the top of the tank. Since it is impossible to see inside the tank, an open-end manometer 
with water or mercury as the manometer fluid is to be used to determine the toluene level. One leg 
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of the manometer is attached to the tank 500 cm from the top. A nitrogen blanket at atmospheric 
pressure is maintained over the tank contents. 
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(a) When the toluene level in the tank is 150 cm below the top (h = 150 cm), the manometer fluid 
level in the open arm is at the height of the point where the manometer connects to the tank. 
What manometer reading, R (cm), would be observed if the manometer fluid is (i) mercury, 
(ii) water? Which manometer fluid would you use, and why? 

(b) Briefly describe how the system would work if the manometer were simply filled with toluene. 
Give several advantages of using the fluid you chose in part (a) over using toluene. 

(c) What is the purpose of the nitrogen blanket? 

3.43. A fluid of unknown density is used in two manometers—one sealed-end, the other across an orifice 
in a water pipeline. The readings shown here are obtained on a day when barometric pressure is 
756 mm Hg. 



What is the pressure drop (mm Hg) from point (a) to point (6)? 

3.44. An open-end mercury manometer is connected to a low-pressure pipeline that supplies a gas to a 
laboratory. Because paint was spilled on the arm connected to the line during a laboratory renova¬ 
tion, it is impossible to see the level of the manometer fluid in this arm. During a period when the 
gas supply is connected to the line but there is no gas flow, a Bourdon gauge connected to the line 
downstream from the manometer gives a reading of 7.5 psig. The level of mercury in the open arm 
is 900 mm above the lowest part of the manometer. 


BOURDON 

GAUGE 
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(a) When the gas is not flowing, the pressure is the same everywhere in the pipe. How high above 
the bottom of the manometer would the mercury be in the arm connected to the pipe? 

(b) When gas is flowing, the mercury level in the visible arm drops by 25 mm. What is the gas pres¬ 
sure (psig) at this moment? 

3.45. An inclined manometer is a useful device for measuring small pressure differences. 



The formula given in Section 3.4 for the pressure difference in terms of the liquid-level difference 
h remains valid, but while h would be small and difficult to read for a small pressure drop if the 
manometer were vertical, L can be made quite large for the same pressure drop by making the 
angle of the inclination, 8, small. 

(a) Derive a formula for h in terms of L and 0. 

fb) Suppose the manometer fluid is water, the process fluid is a gas, the inclination of the manometer 
^ = 3 reat ^ n § ^ = 8.7 cm is obtained. What is the pressure difference between points 

3.46. An open-end mercury manometer is to be used to measure the pressure in an apparatus containing 
a vapor that reacts with mercury. A 10 cm layer of silicon oil (SG = 0.92) is placed on top of the 
mercury in the arm attached to the apparatus. Atmospheric pressure is 765 mm Hg. 

(a) If the level of mercury in the open end is 365 mm below the mercury level in the other arm, 
what is the pressure (mm Hg) in the apparatus? 

(b) When the instrumentation specialist was deciding on a liquid to put in the manometer, she listed 
several properties the fluid should have and eventually selected silicon oil. What might the listed 
properties have been? 

3.47. An orifice meter (see Figure 3.2-1) is to be calibrated for the measurement of the flow rate of a 
stream of liquid acetone. The differential manometer fluid has a specific gravity of 1.10. 



The calibration is accomplished by connecting the orifice meter in series with a rotameter that has 
previously been calibrated for acetone, adjusting a valve to set the flow rate, and recording the flow 
rate (determined from the rotameter reading and the rotameter calibration curve) and the differen¬ 
tial manometer reading, h. The procedure is repeated for several valve settings to generate an orifice 
meter calibration curve of flow rate versus h. The following data are taken. 


Manometer Reading 
h(mra) 

Flow Rate 
V (mL/s) 

0 

0 

5 

62 

10 

87 

15 

107 

20 

123 

25 

138 

30 

151 
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(a) For each of the given readings, calculate the pressure drop across the orifice, 4P(mm Hg). 

(b) The flow rate through an orifice should be related to the pressure drop across the orifice by the 
formula 

V = K{AP) n 

Verify graphically that the given orifice calibration data are correlated by this relationship, and 
determine the values of K and n that best fit the data. 

(c) Suppose the orifice meter is mounted in a process line containing acetone and a reading h - 23 
mm is obtained. Determine the volumetric, mass, and molar flow rates of acetone in the line. 

3.48. Convert the temperatures in parts (a) and (b) and temperature intervals in parts (c) and (d): 

(a) T = 85°F to °R, °C, K 

(b) T = -10°CtoK,°F,°R 

(c) AT = 85°C to K, °F, °R 

(d) AT = 150°R to °F, °C, K 

3.49. A temperature scale that never quite caught on was formulated by the Austrian chemist Johann 
Sebastian Farblunget. The reference points on this scale were 0°FB, the temperature below which 
Farblunget’s postnasal drip began to bother him, and 1000°FB, the boiling point of beer. Conversions 
between °C and °FB can be accomplished with the expression 

T(°C) = 0,0940r(°FB) + 4.00 

Louis Louis. Farblunget’s French nephew, attempted to follow in his uncle’s footsteps by formulat¬ 
ing his own temperature scale. He defined the degree Louie using as reference conditions the opti¬ 
mum serving temperature of marinated snails (100°L corresponding to 15°C) and the temperature 
at which the elastic in his briefs began to relax (1000°L corresponding to 43°C). 

(a) At what temperature in °F does beer boil? 

(b) What is the temperature interval of 10.0 Farblunget degrees equivalent to in °C, K, °F, and °R? 

(c) Derive equations for 7"(°C) in terms of T(°L) (see Example 3.5-1) and T(°L) in terms of T(°FB). 

(d) What is the boiling point of ethane at 1 atm (Table B.l) in °F, K, °R, °FB, and °L? 

(e) What is a temperature interval of 50.0 Louie degrees equivalent to in Celsius degrees, Kelvin 
degrees, Fahrenheit degrees, Rankine degrees, and Farblunget degrees? 

3.50. A thermocouple is a temperature-measurement device that consists of two dissimilar metal wires 
joined at one end. An oversimplified diagram follows. 

Metal 1 

POTENTIOMETER [ 

m 

Metal 2 

A voltage generated at the metal junction is read on a potentiometer or millivoltmeter. When certain 
metals are used, the voltage varies linearly with the temperature at the junction of the two metals: 

V(mV) = aT(°C) + b 

An iron-constantan thermocouple (constantan is an alloy of copper and nickel) is calibrated by 
inserting its junction in boiling water and measuring a voltage V = 5.27 mV, and then inserting the 
junction in silver chloride at its melting point and measuring V = 24.88 mV. 

(a) Derive the linear equation for V (mV) in terms of T (°C). Then convert it to an equation for T 
in terms of V. 

(b) If the thermocouple is mounted in a chemical reactor and the voltage is observed to go from 10.0 
mV to 13.6 mV in 20 s, what is the average value of the rate of change of temperature, dT /df, 
during the measurement period? 

3.51. A thermostat control with dial markings from 0 to 100 is used to regulate the temperature of an 
oil bath. A calibration plot on logarithmic coordinates of the temperature, r(°F), versus the dial 
setting, R, is a straight line that passes through the points (Ri = 20.0, T\ = 110.0°F) and {Ri ~ 
40.0, r 2 = 250.0°F). 
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(a) Derive an equation for T (°F) in terms of R. 

(b) Estimate the thermostat setting needed to obtain a temperature of 320°E 

(c) Suppose you set the thermostat to the value of R calculated in part (b) and the reading of 
a thermocouple mounted in the bath equilibrates at 295°F instead of 320°F. Suggest several 
possible explanations. 

3.52. As will be discussed in detail in Chapter 5, the ideal gas equation of state relates absolute pressure, 
P(atm); gas volume, V (liters); number of moles of gas, n(mol); and absolute temperature, 7(K): 

PV = 0.08206n7 

(a) Convert the equation to one relating P(psig), V(ft 3 ), n(lb-mole), and r(°F). 

(b) A 30.0 mole% CO and 70.0 mole% N 2 gas mixture is stored in a cylinder with a volume of 3.5 
ft 3 at a temperature of 85°F. The reading on a Bourdon gauge attached to the cylinder is 500 psi. 
Calculate the total amount of gas (lb-mole) and the mass of CO (lb m ) in the tank. 

(c) Approximately to what temperature (°F) would the cylinder have to be heated to increase the 
gas pressure to 3000 psig, the rated safety limit of the cylinder? (The estimate would only be 
approximate because the ideal gas equation of state would not be accurate at pressures this 
high.) 

3.53. Streams of methane and air (79 mole% N 2 , the balance O 2 ) are combined at the inlet of a combustion 
furnace preheater. The pressures of each stream are measured with open-end mercury manometers, 
the temperatures are measured with resistance thermometers, and the volumetric flow rates are 
measured with orifice meters. 


Measurement point 1 



Measurement point 2 


Data: 

Flowmeter 1: V) = 947 m 3 /h 

Flowmeter 2: V 2 = 195m 3 /min 

Manometer 1: h\ - 232 mm 
Manometer 2: h 2 = 156 mm 
Manometer 3: h 2 = 74 mm 
Resistance thermometer 1: r x = 26.159 ohms 
Resistance thermometer 2: r 2 = 26,157 ohms 
Resistance thermometer 3: r 2 = 44.789 ohms 

Atmospheric pressure: A sealed-end mercury manometer reads h = 29.76 in. 

The resistance thermometers were calibrated by measuring their resistances at the freezing and 
boiling points of water, with the following results: 

T = 0°C: r = 23.624 ohms 
T = 100°C: r = 33.028 ohms 

A straight-line relationship between T and r may be assumed. 

The relationship between the total molar flow rate of a gas and its volumetric flow rate is, to a 
good approximation, given by a form of the ideal gas equation of state: 

./krnoh m86P(atrn)V’(m 3 /s) 

A * ) H K) 

where P is the absolute pressure of the gas. 
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(a) Derive the resistance thermometer calibration formula for T(°C) in terms of r(ohm). 

(b) Convert the given gas law expressions to an expression for n(kmol/min) in terms of 
P(mm Hg), r(°C), and V(m 3 /min). 

(c) Calculate the temperatures and pressures at points 1,2, and 3. 

(d) Calculate the molar flow rate of the combined gas stream. 

(e) Calculate the reading of flowmeter 3 in m 3 /min. 

(0 Calculate the total mass flow rate and the mass fraction of the methane at point 3. 

*3.54. You are performing an experiment in which the concentration, C A , of a reactive species is measured 
as a function of time, t, at several temperatures, T. At a fixed temperature, C A varies with t according 
to the relation 


1/C A - 1/ C A Q + kt (1) 

where C A (mol/liter) is the concentration of A at time f(min), C A0 (mol/liter) is the inital concentra¬ 
tion of A, and /r[L/(mol-min)] is the reaction rate constant. The rate constant in turn depends on 
temperature, according to the formula 

k = ko exp[—£/ (8.3147)] (2) 

where ko is a contant, T (K) is the reactor temperature, and E (J/mol) is the reaction activation 
energy. 

Write a computer program that will carry out the following tasks: 

(a) Read in M A , the molecular weight of A, and Nj, the number of temperatures at which measure¬ 
ments were made. 

(b) For the first temperature, read in the value of T in °C, the number of data points, N ; and the 
concentrations and times (fi, C A i), (t 2 , (?«),.... 0«,C A „), where the times are in minutes and 
the concentrations are in grams of A/liter. 

(c) Convert the temperature to kelvin and the concentrations to mol A/L. 

(d) Use the method of least squares (Appendix A.l) in conjunction with Equation 1 to find the 
value of k that best fits the data. (Hint: First cast the equation in the form y = kx + b.) Store 
the values of k and T in arrays. 

(e) Print out in a neat format the values of T (K), the converted concentrations (mol/L) and times, 
and k. 

(f) Repeat steps (b) through (d) for the other temperatures. 

[For extra credit: Use the method of least squares again in conjunction with Equation 2 to determine 
the value of E that best fits the calculated ( T , k ) values. Again, start by casting Equation 2 in the 
form y = ax+b.] It will be convenient to perform the least-squares slope calculation in a subroutine, 
since it must be done repeatedly. Test your program on the following data: 

M a = 65.0g/mol 


f(min) 

T = 94°C 
C A ( g/L) 

T = 110 a C 
C A (g/L) 

T = 127°C 
C A (g/L) 

T = 142°C 
C A ( g/L) 

10 

8.1 

3.5 

1.5 

0.72 

20 

4.3 

1.8 

0.76 

0.36 

30 

3.0 

1.2 

0.50 

0.24 

40 

2.2 

0.92 

0.38 

0.18 

50 

1.8 

0.73 

0.30 

0.15 

60 

1.5 

0.61 

0.25 

0.12 


'Computer problem. 
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Fundamentals of 
Material Balances 


Certain restrictions imposed by nature must be taken into account when designing a new pro¬ 
cess or analyzing an existing one. You cannot, for example, specify an input to a reactor of 
1000 g of lead and an output of 2000 g of lead or gold or anything else. Similarly, if you know 
that 1500 lb m of sulfur is contained in the coal burned each day in a power plant boiler, you do 
not have to analyze the ash and stack gases to know that on the average 1500 lb m of sulfur per 
day ieaves the furnace in one form or another. 

The basis for both of these observations is the law of conservation of mass, which states 
that mass can neither be created nor destroyed. (We will not be concerned in this book with 
the almost infinitesimal conversions between mass and energy associated with chemical reac¬ 
tions.) Statements based on the law of conservation of mass such as ’‘total mass of input = total 
mass of output” or “(lb m sulfur/day){„ = (lb m sulfur/day) 0U t” are examples of mass balances 
or materia] balances. The design of a new process or analysis of an existing one is not complete 
until it is established that the inputs and outputs of the entire process and of each individual 
unit satisfy balance equations. 

Part Two of this book, which begins with this chapter, outlines procedures for writing mate¬ 
rial balances on individual process units and multiple-unit processes. In this chapter we present 
methods for organizing known information about process variables, setting up material balance 
equations, and solving these equations for unknown variables. In Chapters 5 and 6 we intro¬ 
duce various physical properties and laws that govern the behavior of process materials and 
indicate how these properties and laws are taken into account (as they must be) in formulating 
material balances. 


4.0 INSTRUCTIONAL OBJECTIVES 

After completing this chapter, you should be able to do the following: 

• Briefly and clearly explain in your own words the meaning of the following terms: (a) batch, 
semibatch, continuous, transient, and steady-state processes; (b) recycle (and its purposes); 
(c) purge (and its purpose); (d) degrees of freedom ; (e) fractional conversion of a limiting 
reactant; (f) percentage excess of a reactant; (g) yield and selectivity, (h) dry-basis composition 
of a mixture containing water; and (i) theoretical air and percent excess air in a combustion 
reaction. 

• Given a process description, (a) draw and fully label a flowchart; (b) choose a convenient 
basis of calculation; (c) for a multiple-unit process, identify the subsystems for which bal¬ 
ances might be written; (d) perform the degree-of-freedom analysis for the overall system 
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and each possible subsystem; (e) write in order the equations you would use to calculate 
specified process variables; and (f) perform the calculations. You should be able to do these 
computations for single-unit and multiple-unit processes and for processes involving recycle, 
bypass, or purge streams. If the system involves reactions, you should be able to use molec¬ 
ular species balances, atomic species balances, or extents of reaction for both the degree-of- 
freedom analysis and the process calculations. 

• Given a combustion reactor and information about the fuel composition, calculate the feed 
rate of air from a given percent excess or vice versa. Given additional information about the 
conversion of the fuel and the absence or presence of CO in the product gas, calculate the 
flow rate and composition of the product gas. 


4.1 PROCESS CLASSIFICATION 


Chemical processes may be classified as batch, continuous, or semibatch and as either steady- 
state or transient. Before writing material balances for a process system, you must know into 
which of these categories the process falls. 
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1. Batch process. The feed is charged (fed) into a vessel at the beginning of the process 
and the vessel contents are removed sometime later. No mass crosses the system bound¬ 
aries between the time the feed is charged and the time the product is removed. Exam¬ 
ple. Rapidly add reactants to a tank and remove the products and unconsumed reactants 
sometime later when the system has come to equilibrium. 

2. Continuous process. The inputs and outputs flow continuously throughout the duration 
of the process. Example: Pump a mixture of liquids into a distillation column at a constant 
rate and steadily withdraw product streams from the top and bottom of the column. 

3. Semibatch process. Any process that is neither batch nor continuous. Examples: Allow 
the contents of a pressurized gas container to escape to the atmosphere; slowly blend 
several liquids in a tank from which nothing is being withdrawn. 

If the values of all the variables in a process (i.e., all temperatures, pressures, volumes, flow 
rates) do not change with time, except possibly for minor fluctuations about constant mean 
values, the process is said to be operating at steady state. If any of the process variables change 
with time, transient or unsteady-state operation is said to exist. By their nature, batch and 
semibatch processes are unsteady-state operations (why?), whereas continuous processes may 
be either steady-state or transient. 

Batch processing is commonly used when relatively small quantities of a product are 
to be produced on any single occasion, while continuous processing is better suited to large 
production rates. Continuous processes are usually run as close to steady state as possible; 
unsteady-state (transient) conditions exist during the start-up of a process and following 
changes—intentional or otherwise—in process operation conditions. 


TEST 
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Classify the following processes as batch, continuous, or semibatch, and transient or steady- 
state. 

1. A balloon is filled with air at a steady rate of 2 g/min. 

2. A bottle of milk is taken from the refrigerator and left on the kitchen table. 

3. Water is boiled in an open flask. 

4. Carbon monoxide and steam are fed into a tubular reactor at a steady rate and react to 
form carbon dioxide and hydrogen. Products and unused reactants are withdrawn at the 
other end. The reactor contains air when the process is started up. The temperature of the 
reactor is constant, and the composition and flow rate of the entering reactant stream are 
also independent of time. Classify the process (a) initially and (b) after a long period of 
time has elapsed. 
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4.2 BALANCES 

4.2a The General Balance Equation 

Suppose methane is a component of both the input and output streams of a continuous process 
unit, and that in an effort to determine whether the unit is performing as designed, the mass 
flow rates of methane in both streams are measured and found to be different (mj n # wtout)- 1 



PROCESS 


m in (kg CH 4 /h) 

UNIT 

m out (kg CH 4 /h) 


There are several possible explanations for the observed difference between the measured 
flow rates: 

1. Methane is being consumed as a reactant or generated as a product within the unit. 

2. Methane is accumulating in the unit—possibly adsorbing on the walls. 

3. Methane is leaking from the unit. 

4. The measurements are wrong. 


If the measurements are correct and there are no leaks, the other possibilities—generation or 
consumption in a reaction and accumulation within the process unit—are all that can account 
for a difference between the input and output flow rates. 

A balance on a conserved quantity (total mass, mass of a particular species, energy, mo¬ 
mentum) in a system (a single process unit, a collection of units, or an entire process) may be 
written in the following general way: 


input + generation - output 

(enters (produced (leaves 

through within through 

system system) system 

boundaries) boundaries) 


consumption = accumulation 
(consumed (buildup 

within within 

system) system) 


(4.2-1) 


The meaning of each term of the equation is illustrated in the following example. 


mm ft <: * 

EXA.MPLBA.2-l j The General Balance Equation 

Each year 50,000 people move into a city, 75,000 people move out, 22,000 are bom, and 19,000 die. 
Write a balance on the population of the city. 

SOLUTION Let P denote people: 

input + generation - output - consumption = accumulation 

50,000 - + 22,000 - - 75,000 - - 19,000 - = A (— J 
’ yr yr yr yr \yr/ 

I 

A = -22,000 — 
yr 

Each year the city’s population decreases by 22,000 people.__ 


•We will generally use the symbol m to denote a mass, m a mass flow rate, n a number of moles, and h a molar 
flow rate. 
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Two types of balances may be written: 

1- Differential balances, or balances that indicate what is happening in a system at an in¬ 
stant in time. Each term of the balance equation is a rate (rate of input, rate of generation, 
etc.) and has units of the balanced quantity unit divided by a time unit (people/yr, g SCtysi 
barrels/day). This is the type of balance usually applied to a continuous process. (See Ex¬ 
ample 4.2-1.) 

2. Integral balances, or balances that describe what happens between two instants of time. 
Each term of the equation is an amount of the balanced quantity and has the correspond¬ 
ing unit (people, g S0 2) barrels). This type of balance is usually applied to a batch process, 
with the two instants of time being the moment after the input takes place and the moment 
before the product is withdrawn. 

We are concerned in this text primarily with differential balances applied to continuous 
steady-state systems and integral balances applied to batch systems between their initial and 
final states. In Chapter 11, we consider general balances on unsteady-state systems and show 
how integral and differential balances are related—in fact, how each can be derived from the 
other. 

The following rules may be used to simplify the material balance equation: 

• If the balanced quantity is total mass, set generation = 0 and consumption = 0. Except in 
nuclear reactions, mass can neither be created nor destroyed. 

• If the balanced substance is a nonreactive species (neither a reactant nor a product), set 
generation = 0 and consumption = 0. 

• If a system is at steady state, set accumulation = 0, regardless of what is being balanced. By 
definition, in a steady-state system nothing can change with time, including the amount of 
the balanced quantity. 


4.2b Balances on Continuous Steady-State Processes 

For continuous processes at steady-state, the accumulation term in the general balance equa¬ 
tion, Equation 4.2-1, equals zero, and the equation simplifies to 

input + generation = output + consumption (4.2-2) 

If the balance is on a nonreactive species or on total mass, the generation and consumption 
terms equal zero and the equation reduces to input = output. 
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One thousand kilograms per hour of a mixture of benzene (B) and toluene (T) containing 50% 
benzene by mass is separated by distillation into two fractions. The mass flow rate of benzene in the 
top stream is 450 kg B/h and that of toluene in the bottom stream is 475 kg T/h. The operation is 
at steady state. Write balances on benzene and toluene to calculate the unknown component flow 
rates in the output streams. 


SOLUTION The process can be depicted schematically as follows: 


450 kg 8/h 
«i(kg T/h) 



m 2 (kg B/h) 
475 kg T/h 
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Since the process is at steady state there can be no buildup of anything in the system, so the 
accumulation term equals zero in all material balances. In addition, since no chemical reactions 
occur, there can be no nonzero generation or consumption terms. For all balances, Equation 4.2-2 
therefore takes the simple form input = output. 

Benzene Balance 500 kg B/h = 450 kg B/h 4- m 2 

I_ 

| m 2 = 50 kg B/h 


Toluene Balance 500 kg T/h = th\ + 475 kg T/h 

li 

1 m t = 25 kg T/h | 


Check the calculation: 

Total Mass Balance 1000 kg/h = 450 4- m l + m 2 4- 475 (all kg/h) 

j|m I = 25 kg/h, nt 2 = 50 kg/h 
1000 kg/h = 1000 kg/h 


4.2c Integral Balances on Batch Processes 



Equipment 

Encyclopedia 

reactors-batch reactor 


Ammonia is produced from nitrogen and hydrogen in a batch reactor. At time t = 0 there are 
no mol of NH 3 in the reactor, and at a later time q the reaction terminates and the contents 
of the reactor, which include nf mol of ammonia, are withdrawn. Between to and q no ammo¬ 
nia enters or leaves through the reactor boundaries, so the general balance equation (Equa¬ 
tion 4.2-1) is simply generation = accumulation. Moreover, the quantity of ammonia that 
builds up (accumulates) in the reactor between to and tf is simply — no, the final amount 
minus the initial amount. 

The same reasoning may be applied to any substance participating in a batch process to 
obtain 


accumulation = final output - initial input (by definition) 

= generation - consumption (from Equation 4.2-1) 
Equating these two expressions for the accumulation yields 

initial input 4- generation = final output 4- consumption 


(4.2-3) 


This equation is identical to Equation 4.2-2 for continuous steady-state processes, except that 
in this case the input and output terms denote the initial and final amounts of the balanced 
substance rather than flow rates of the balanced substance in continuous feed and product 
streams. The words “initial” and “final” may be left out for brevity, as long as you don’t lose 
sight of what “input” and “output” mean in the context of batch processes. 



Balances on a Batch Mixing Process 


Two methanol-water mixtures are contained in separate flasks. The first mixture contains 
40.0 wt% methanol, and the second contains 70.0 wt% methanol. If 200 g of the first mixture is 
combined with 150 g of the second, what are the mass and composition of the product? 
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SOLUTION 


200 g 


0.400 g CHjOH/g* 



0.600 g HjO/g 


m{ g) 

150 g 

0.700 gCH,0H/g 1 


*(gCH 3 0H/g) ' 


(1 - jr){g H 2 0/g) 


0.300 g H 2 0/g 


Observe that the input and output “streams” shown on the chart denote the initial and final states 
for this batch process. Since no reactions are involved, the generation and consumption terms of 
Equation 4.2-3 may be omitted so that all balances have the simple form “input = output 

Total Mass Balance 200 g + 150 g = m 

4 

m = 350 g I 


Methanol Balance 


200 g 

0.400 gCH 3 OH 150 g| 
4- 

0.700 g CH 3 OH m( g) 

| x(g CH 3 OH) 


g 

- 

(g) 


4 

m = 350g 



x = 0.529 g CHjOH/g 


We now know everything about the product, including the mass fraction of water (what is it*?) A 
water balance serves only to check the solution. " 

Water Balance (Verify that each additive term has the unit g H 2 0.) 

input = output 

(200)(0.600) + (150)(0.300) = (350)(1 - 0.529) (Verify !) 

4 

_ 165 g H 2 0 = 165 g H 2 0 


4.2d Integral Balances on Semibatch and Continuous Processes 

Integral balances can also be written for semibatch and continuous processes. The procedure 
is to write a differential balance on the system and then to integrate it between two instants 
of time. (A general discussion of the procedure in presented in Chapter 11.) In most cases 
the required calculations are more complex than those we have seen so far; however, some 
problems of this type are relatively straightforward, such as the one in the next example. 

EXAMPLE4.2-4', Integral Balance on a Semibatch Process 


Air is bubbled through a drum of liquid hexane at a rate of 0.100 kmol/min. The gas stream leaving 
the drum contains 10.0 mole% hexane vapor. Air may be considered insoluble in liquid hexane. Use 
an integral balance to estimate the time required to vaporize 10.0 m 3 of the liquid. 


h (kmol/min) 




0.100 kmol C 6 H l4 /kmol 1 

0.100 kmol air/min 

|jg 
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SOLUTION 


We begin with a differential balance on air. Since we assume that air neither dissolves in the liquid 
(accumulation = 0) nor reacts with hexane in the process unit (generation = consumption = 0). 
the balance reduces to input = output: 


0.100 


kmol air 
min 


0.900 kmol air 

n(kmol) _^ 

kmol 

(min) 


h = 0.111 kmol/min 


We next write an integral hexane balance, proceeding from time t = 0 to t — f f (min), the time we 
seek to calculate. The balance has the form accumulation = - output (verify ). The accumulation 
term, which is the total change in the moles of liquid hexane in the system during time t f , must 
be negative since hexane is being lost from the system. Since the total number of moles of hexane 
evaporated occupied a liquid volume of 10.0 cubic meters and (from Table B.l) the specific gravity 
of liquid hexane is 0.659, the accumulation term equals 


-10.0 m 3 

0.659 kg 

10 3 L 

1 kmol 


L 

m 3 

86.2 kg 


-76.45 kmol QH W 


The output term in the balance is the rate at which hexane is leaving the system [0.100/z (kmol 
C6Hi 4 /min)] times the total process time, ff(min). The balance (accumulation = —output ) is there¬ 
fore 


-76.45 kmol C 6 H 14 = -0.100m f 


= 0.111 kmol/min 
t f = 6880 min 


TEST Balances are to be written for each of the quantities listed below for a continuous process. 

YOURSELF For each case, state the conditions under which the balance equation takes the simple form 

(Answers, p. 656) “input = output.” (The solutions to the first two parts are given as illustrations.) 

1. Total mass. (Steady state) 

2. Mass of species A. (Steady state, A is nonreactive) 

3. Total moles. 

4. Moles of species A. 

5. Volume. (The answer provides an indication of why volumes should be converted to 
masses or moles before balances are written.) 


CREATIVITY EXERCISE 

Sulfur dioxide is contained in the feed and effluent streams of a chemical reactor, but it 
is neither a reactant nor a product. The volumetric flow rates of both streams (L/min) are 
measured with rotameters, and the concentrations of SO 2 in both streams (mol/L) are de¬ 
termined with a gas chromatograph. The molar flow rate of SO 2 in the reactor effluent 
(determined as the product of volumetric flow rate and concentration) is 20% lower than 
the molar flow rate of SO 2 in the feed. Think of as many possible explanations for the discrep¬ 
ancy as you can. 

4.3 MATERIAL BALANCE CALCULATIONS 

All material balance problems are variations on a single theme: given values of some input and 
output stream variables, derive and solve equations for others. Solving the equations is usually 
a matter of simple algebra, but deriving them from a description of a process and a collection 
of process data may present considerable difficulties. It may not be obvious from the problem 
statement just what is known and what is required, for example, and it is not uncommon to 


• 

Equipment 

Encyclopedia 

rotameter, gas 
chromatograph 
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find students (particularly on tests) scratching their heads and staring vacantly for an hour at a 
problem that should take ten minutes to solve completely. 

In this section we outline a procedure for reducing a description of a process to a set of 
equations that can be solved for unknown process variables. The approach to be outlined is 
not the only way to attack materia] balance problems, but it always works and it keeps the time 
spent on vacant staring and head scratching to a minimum. 


4.3a Flowcharts 


9 

Equipment 

Encyclopedia 

packed-bed 
reactor, absorber 
stripper 
disillation 
column 


In this book and in years to come, you will be confronted with prose of the following type. 

The catalytic dehydrogenation of propane is carried out in a continuous packed- 
bed reactor. One thousand kilograms per hour of pure propane is preheated to a 
temperature of 67(fC before it passes into the reactor. The reactor effluent gas, which 
includes propane, propylene, methane, and hydrogen, is cooled from 80(fC to HQfC 
and fed to an absorption tower, where the propane and propylene are dissolved in oil. 

The oil then goes to a stripping tower in which it is heated, releasing the dissolved gases; 
these gases are recompressed and sent to a distillation column in which the propane 
and propylene are separated. The propane stream is recycled back to join the feed to 
the reactor preheater. The product stream from the distillation column contains 98% 
propylene, and the recycle stream is 97% propane. The stripped oil is recycled to the 
absorption tower. 


When you are given process information like this and asked to determine something about 
the process, it is essential to organize the information in a way that is convenient for subsequent 
calculations. The best way to do this is to draw a flowchart of the process, using boxes or other 
symbols to represent process units (reactors, mixers, separation units, etc.) and lines with arrows 
to represent inputs and outputs. 2 

For example, suppose a gas containing N 2 and O 2 is combined with propane in a batch 
combustion chamber in which some (but not all) of the 0 2 and C 3 H g react to form C0 2 and 
H 2 0, and the product is then cooled, condensing the water. The flowchart of this two-unit 
process might appear as shown in Figure 4.3-1. 

Used properly, the flowchart of a process can help get material balance calculations started 
and keep them moving. To do so, the chart must be fully labeled when it is first drawn, with val¬ 
ues of known process variables and symbols for unknown variables being written for each input 
and output stream. Thereafter, the chart functions as a scoreboard for the problem solution: as 
each unknown variable is determined its value is filled in, so that the chart provides a continu¬ 
ous record of where the solution stands and what must still be done. 

Several suggestions follow for labeling a flowchart to get the greatest possible benefit from 
it in materia] balance calculations. 


• 

Equipment 

Encyclopedia 

condenser 


100 mol C 3 H a 


1000 mol 0 2 
3760 mol Nj 



50 mol C 3 H 8 


COMBUSTION 

750 mol 0 2 

CONDENSER 

CHAMBER 

3760 mol N 2 


150 mol C0 2 



200 mol H 2 0 

| 


50 mol C 3 H 8 
750 mol 0 2 


3760 mol N 2 
150 mol C0 2 


Figure 4.3-1 Flowchart of a combustion-condensation process. 


In professionally drawn flowcharts, special symbols are used to denote different types of process units such as 
distillation columns and heat exchangers. We will not generally use these symbols in this text, since our main 
purpose is to show you how to perform material and energy balance calculations. Simple boxes are perfectly 
adequate to represent process units on the flowcharts you draw for these calculations. 
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1. Write the values and units of all known stream variables at the locations of the streams 
on the chart. For example, a stream containing 21 mole% 0 2 and 79% N 2 at 320°C and 
1.4 atm flowing at a rate of 400 mol/h might be labeled 

400 mol/h 

0.21 mol 0 2 /mol 
0.79 mol N 2 /mol 
T = 320°C, P = 1.4 atm 

When you have done this for every stream on the chart, you have a summary of the known 
information about the process, each item being conveniently associated with the part of 
the process to which it relates. 

The stream variables of primary interest in material balance problems are those that 
indicate how much of each component is present in the stream (for a batch process) or the 
flow rate of each component (for a continuous process). This information can be given 
in two ways: as the total amount or flow rate of the stream and the fractions of each 
component, or directly as the amount or flow rate of each component. 

100 kmol/min 

-* <==^ -* 

60 kmol N 2 /min 0.6 kmol N 2 /kmol 

40 kmol 0 2 /min 0.4 kmol 0 2 /kmol 


10 lb m mixture 

-» - * 

3.0 lb m CH 4 0.3 lb ra CFLt/lbni 

4.0 lb m C 2 H 4 0.4 lb m C 2 H 4 /lb m 

3.0 lb m C 2 H 6 0.3 ib m C 2 H 6 /lb m 

Once you have labeled a stream one way, it is easy to calculate the quantities that corre¬ 
spond to the alternative way of labeling. (Verify this for the two examples just given.) 

2. Assign algebraic symbols to unknown stream variables [such as m (kg solution/min), x 
(lb m N 2 /lb m ), and n (kmol C 3 H 8 )] and write these variable names and their associated 
units on the chart . For example, if you did not know the flow rate of the stream described 
in the first illustration of step 1 , you might label the stream 

rt(mol/h) 

0.21 mol 0 2 /mol 
0.79 mol N 2 /mol 
T = 320°C, P = 1.4 atm 

while if the flow rate were known and the mole fractions were not, the stream might be 
labeled 

400 mol/h 

y(mol 0 2 /mol) 

(1 - y)(mol N 2 /mol) 

T = 320°C, P = 1.4 atm 

You may ultimately have to derive and solve an equation for each unknown that appears 
on the chart, and it is therefore to your advantage to keep the number of labeled unknowns to a 
minimum. When labeling component mass or mole fractions of a stream, for example, variable 
names need only be assigned to all but one fraction, since the last one must be 1 minus the sum 
of the others. If you are given that the mass of stream 1 is half that of stream 2, label the masses 
of these streams m and 2m rather than and m 2 ; if you know that there is three times as much 
nitrogen (by mass) in a stream as oxygen, label the mass fractions of 0 2 and N 2 y(g 0 2 /g) and 
3y(g N 2 /g) rather than y\ and y 2 . 
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If a volumetric flow rate of a stream is given, it is generally useful to label the mass or molar 
flow rate of this stream or to calculate it directly, since balances are not normally written on 
volumetric qualities. 

Note on Notation: Although any symbol may be used to represent any variable, having a 
consistent notation can aid understanding. In this text, we will generally use m for mass, m for 
mass flow rate, n for moles, h for molar flow rate, V for volume, and V for volumetric flow rate. 
Also, we will use x for component fractions (mass or mole) in liquid streams and y for fractions 
in gas streams. 


EXAMPLE 4.3- 


Flowchart of an Air Humidification and Oxygenation Process 


9 

Equipment 

Encyclopedia 

evaporators 


SOLUTION 


An experiment on the growth rate of certain organisms requires an environment of humid air en¬ 
riched in oxygen. Three input streams are fed into an evaporation chamber to produce an output 
stream with the desired composition. 

A: Liquid water, fed at a rate of 20.0 cm 3 /min 
B: Air (21 mole % 0 2 , the balance N 2 ) 

C: Pure oxygen, with a molar flow rate one-fifth of the molar flow rate of stream B 

The output gas is analyzed and is found to contain 1.5 mole% water. Draw and label a flowchart of 
the process, and calculate all unknown stream variables, 


0.200ni(mol 0 2 /min) 


^[(mol air/min) 

0.21 mol 0 2 /mo! 
0.79 mol Nymol 


« 3 <mol/min) 

0.015 mol H 2 0/mol 
y(mol 0 2 /mol) 

(0.985-_y)(mol Nj/mol) 


20.0 cm 3 H 2 0(l)/min 
n 2 (mol HjO/min) 

Notes on the Labeling: 

L Since the one known flow rate (20 cm 3 H 2 0/min) is given on a per minute basis, it is most 
convenient to label all stream flow rates on this basis. 

2. Once the variable name (h x ) is chosen for the air flow rate, the given information about the 
ratio of the air and 0 2 flow rates may be used to label the 0 2 flow rate 0.200 h x . 

3. The mole fractions of the components of any stream must add up to 1. Since the mole fraction 
of H 2 0 m the outlet stream is known to be 0.015, once the mole fraction of 0 2 is labeled y that 
of N 2 must be 1 - (v + 0.015) = (0.985 - y) (mol N 2 /moI). 

The quantity h 2 may be calculated from the given volumetric flow rate and the densitv of liquid 
water: n 


n 2 = . 


20.0 cm 3 H 2 0 

1.00 gH z O i 

1 mol_ 

a 1 11 molH 2 0 

min 

cm 3 | 

18.02 g 

« 2 — 1.11 -;- 

min 


The three remaining unknowns (hi, h 3 , and y) may be determined from balances, all of which have 
the simple form input = output for this nonreactive steady-state process. The balances are easily 
written by referring to the flowchart. 


H 2 0 Balance 


/ mol H 2 0 \ 

2 \ min J 


= ny 


f 


(mol) 

0.015 mol H 2 0 

(min) 1 

mol 


hi = 1.11 mol/min 


mol 

n 3 = 74.1 —— 
mm 
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Total Mole Balance 


0 .200«i + «i + n 2 = «3 

hi ~ 1.11 mol/min 
v hy = 74.1 mol/min 


an o mo1 
n\ = 60.8 —— 
mvn 


Nz Balance 


Mi (mol) 

0.79 mol N 2 

« 3 (mol) 

(0.985-y)(molN 2 ) 

(min) 

mol 

(min) 

(mol) 




0.79/i! = « 3 (0.985 - y) 

h\ = 60.8 mol/min 
^ r hy = 74.1 mol/min 


y — 0.337 mol 02 /mol 


TEST 

YOURSELF 
(Answers, p. 656) 


Several labeled process streams are shown below. Calculate the indicated quantities in terms 
of the labeled stream variables. The solution of the first problem is given as an illustration. 


1 . 100 lb-mole 3 

0.300 lb-mole CH 4 /lb-mole 
0.400 lb-mole C 2 H 4 /lb-mole 
0.300 lb-mole C 2 H 6 /lb-mole 


Calculate n (Ib-mole CH 4 ) 
m (lb m C 2 H 4 ) 


SOLUTION 


n = (0.30Q)(100) lb-mole CH 4 = 30.0 lb-mole CH 4 


m 


(0.400)(100) lb-mole C 2 H 4 j 

28.0 lb m C 2 H 4 


lb-mole C 2 H 4 


1120 lb m C 2 H 4 


2. 250 kg/h 

- * Calculate mj (kg CyHg/min) 

^(kgC 6 H 6 /kg) in terms of x 

(1 - *)(kg C 7 Hg/kg) 

3 . 75 ml CC1 4 (liquid) 

——-—--Calculate n (mol CCI 4 ) 

4 . —---* Calculate m (kg total/s), meo (kg CO/s), 

50 kg H 2 0/s aud y (kg CCb/kg total) in terms of 

fm dg kg dry gas/s j s 

< 0.25 kg CO/kg dry gas > 

[0.75 kg C 0 2 /kg dry gas J 


4.3b Flowchart Scaling and Basis of Calculation 

Suppose a kilogram of benzene is mixed with a kilogram of toluene. The output from this simple 
process is obviously 2 kg of a mixture that is 50% benzene by mass. 


3 Whenever we give a round quantity like 100 lb-moles, assume that it is a basis of calculation and exact, so that 
it has an infinite number of significant figures. 
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1 kg C 6 H 6 


1 kg C 7 H 3 


2 kg 


0.5 kg CgHg/kg 
0.5 kg C 7 H3/kg 


The process depicted by this flowchart is said to be balanced, since material balances on both 
system components—C 6 H 6 and C 7 H 8 —are satisfied. [1 kg in = (2 x 0.5) kg out in both cases.] 

Observe now that the masses (but not the mass fractions ) of all streams could be multiplied 
by a common factor and the process would remain balanced; moreover, the stream masses 
could be changed to mass flow rates, and the mass units of all stream variables (including the 
mass fractions) could be changed from kg to g or lb m or any other mass unit, and the process 
would still be balanced. 

The procedure of changing the values of all stream amounts or flow rates by a propor¬ 
tional amount while leaving the stream compositions unchanged is referred to as scaling the 
flowchart—scaling up if the final stream quantities are larger than the original quantities, scal¬ 
ing down if they are smaller. 



Suppose you have balanced a process and the amount or flow rate of one of the process 
streams is «j. You can scale the flowchart to make the amount or flow rate of this stream n 2 
by multiplying all stream amounts or flow rates by the ratio You cannot, however, scale 
masses or mass flow rates to molar quantities or vice versa by simple multiplication; conversions 
of this type must be carried out using the methods of Section 3.3b. 

Scale-up of a Separation Process Flowchart 

A 60-40 mixture (by moles) of A and B is separated into two fractions. A flowchart of the process 
is shown here. 


50.0 mol 


100.0 mol 
0.60 mol A/mol 
0.40 mol B/mol 


0.95 mol A/mol 
0.05 mol B/mol 


12.5 moi A 

37.5 mol B 


It is desired to achieve the same separation with a continuous feed of 1250 ib-moles/h. Scale the 
flowchart accordingly. 
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SOLUTION 


The scale factor is 


1250 Ib-moles/h _ lb-moles/h 

100 mol mol 

The masses of all streams in the batch process are converted to flow rates as follows: 


Feed: 


100 mol 

12.5 lb-moles/h 


mol 


lb-moles , 

= 12oO. .. - . (as specified) 


Top product stream: (50.0)(12.5) = 625 lb-moles/h 
Bottom product stream: (12.5)(12.5) = 156 lb-moles A/h 


(37.5)(12.5) = 469 lb-moles B/h 

The units of the mole fractions in the top product stream may be changed from mol/mol to 
Ib-mole/lb-mole, but their values remain the same. The flowchart for the scaled-up process fol¬ 
lows. 


625 lb-moles/h 


1250 Ib-moles/h 
0.60 lb-mole A/lb-mole 
0.40 lb-mole B/lb-mo!e 


0.95 lb-mole A/lb-mole 
0.05 lb-mole B/lb-mole 


156 lb-moles A/h 
469 lb-moles B/h 


Since a balanced process can always be scaled, material balance calculations can be performed 
on the basis of any convenient set of stream amounts or flow rates and the results can afterward 
be scaled to any desired extent. A basis of calculation is an amount (mass or moles) or flow rate 
(mass or molar) of one stream or stream component in a process. The first step in balancing 
a process is to choose a basis of calculation; all unknown variables are then determined to be 
consistent with this basis. 

If a stream amount or flow rate is given in a problem statement, it is usually most convenient 
to use this quantity as a basis of calculation. If no stream amounts or flow rates are known, assume 
one, preferably that of a stream with a known composition. If mass fractions are known, choose 
a total mass or mass flow rate of that stream (e.g.. 100 kg or 100 kg/h) as a basis: if mole fractions 
are known, choose a total number of moles or a molar flow rate. 


TEST 

YOURSELF 
(Answers, p. 656) 


1. What is a balanced process? How do you scale a flowchart? What is a basis of calculation? 

2 . The processes shown below were balanced using the indicate bases of calculation. Scale 
as directed, and draw flowcharts for the scaled processes. 

(a) Mix C 2 H 6 with air. Basis of calculation: 100 mol CjH^. 


100 mol C 2 H S 


2000 mol air 

0.21 mol 0 2 /mol 
0.79 mol N^moi 


2100 mol _ 

0.0476 mol C 2 H 6 /mol 
0.200 mol 0 2 /mol 
0.752 mol N ^mol 


Scale up to a feed of 1000 kmol CaHft/h. 
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(b) Distill a benzene-toluene mixture. Basis: 1 g feed. 


2j_ 

0.600 g C 5 H 6 
0.400 gC 7 H 8 


0.500 g 

f , 0-900 g CftHc/g 
0.100 gC 7 H 8 /g 


~ | 0.500 g 

0.300 g CgHg/g 
0.700 gC 7 Hg/g 


Scale up to a flow rate of 100 lb m /rnin of the upper product stream. 


4.3c Balancing a Process 

Suppose 3.0 kg/min of benzene and 1.0 kg/min of toluene are mixed. The process flowchart 
might be drawn and labeled as follows: 


3.0 kgCgHg/min 


1.0 kgC 7 H 8 /min 


w(kg/min) 

-rfkg CgHg/kg) 

(1 - x)(kg C 7 H 8 /kg) 


There are two unknown quantities —m and x —associated with the process, so two equations 
are needed to calculate them. 

Material balance equations for this nonreactive process all have the simple form input = 
output. Three possible balances can be written—on total mass, benzene, and toluene—any two 
of which provide the equations needed to determine m and jc. For example, 


Total Mass Balance: 
Benzene Balance: 


3.0 + 1.0 = m : 

mm min 


m - 4.0 kg/min 


m(kg) 

*(kgC 6 H 6 ) 

(min) 

(kg) 


JJ* = 4J 


4.0 kg/min 


x = 0.75 kg C 6 H 6 /kg 


A logical question to ask at this point is how far you can go with this procedure: If one of 
the input flow rates had also been unknown, for example, could another balance (on toluene) 
have been written to solve for it? Other points to consider are which balances to use when a 
choice exists and the order in which these balances should be written. 

The answers to these questions are not at all obvious when chemical reactions are involved 
in the process, and we will temporarily postpone consideration of this subject. The following 
rules apply to nonreactive processes. 


1. The maximum number of independent equations that can be derived by writing balances 
on a nonreactive system equals the number of chemical species in the input and output 
streams. 


In the given example, two substances—benzene and toluene—make up the input and out¬ 
put streams of the process; you can write mass or mole balances on benzene and toluene and a 
total mass or mole balance, but only two of these three equations are independent—writing the 
third accomplishes nothing. (If you wrote all three equations in an effort to determine three 
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unknown variables, you would probably go through an elaborate algebraic exercise to prove 
that 1 = 1 or something equally uninformative.) 

2. Write balances first that involve the fewest unknown variables. 

In the example, a total mass balance involves only one unknown, m, while benzene and 
toluene balances each involve both m and x. By writing first a total balance and then a benzene 
balance, we were able to solve first one equation in one unknown, then a second equation, 
also in one unknown. If we had instead written benzene and toluene balances, we would have 
had to solve two simultaneous equations in two unknowns; the same answers would have been 
obtained, but with greater effort. 

Balances on a Mixing Unit 

An aqueous solution of sodium hydroxide contains 20.0% NaOH by mass. It is desired to produce an 
8.0% NaOH solution by diluting a stream of the 20% solution with a stream of pure water. Calculate 
the ratios (liters H 2 0/kg feed solution) and (kg product solution/kg feed solution). 

• Choose a basis of calculation —an amount or flow rate of one of the feed or product streams— and 

then draw and label the flowchart. 

We will arbitrarily choose a basis of 100 kg of the 20% feed solution. (We could also have chosen 
a flow rate of 100 lb m /min of the 8% product solution or 10 tons of diluent water. The final results 
do not depend on the basis chosen since we are only asked to find ratios of stream amounts.) The 
flowchart appears as follows: 


100 kg 


| 

m 2 ( kg) 

0.20 kg NaOH/kg *1 


10.080 kg NaOH/kg 

0.80 kg HjO/kg 


10.920 kg H 2 0/kg 


m s (kg H 2 0) 


I'jfliters H z 0) 


• Express what the problem asks you to determine in terms of the labeled variables on the flowchart. 

The desired quantities are V)/100 (liters H 2 0/kg feed solution) and m 2 / 100 (kg product solu¬ 
tion/kg feed solution). Our task is therefore to calculate the variables V x and m 2 . 

• Count unknown variables and equations relating them. 

If the number of unknowns equals the number of independent equations relating them, you will 
be able to solve the problem; otherwise, either you have forgotten some relations or the problem 
is not well defined. In the latter case, there is no point wasting your time by jumping into time- 
consuming calculations. 

(a) Unknowns. Examining the flowchart, we see three unknown variables— mi, m 2 , and V x . 

(b) Equations. For a nonreactive process that involves N species, up to N independent material 
balance equations may be written. Since there are two species in our process (sodium hydrox¬ 
ide and water), we can write two balances. We could write them on sodium hydroxide, water, 
total mass, atomic sodium, atomic hydrogen, and so on; the point is that once we have written 
any two, we can obtain no new information by writing a third one. 

Since we may only write two material balances, we will need a third equation to solve for 
our three unknowns (mi, m 2 , and V). Fortunately, we have one: the mass and volume of the 
diluent water, m x and V x , are related by the density of liquid water, which we know. We thus 
have three equations in three unknowns and therefore a solvable problem. 

• Outline the solution procedure. 

All balances for this system have the form input = output. For example, a total mass balance 
is 100 kg + mj = m 2 . Looking at the flowchart, we can see that balances on total mass and water 
each involve two unknowns (mi and m 2 ), a sodium hydroxide balance only involves one unknown 
(m 2 ), and the water density relationship involves two unknowns (mi and V x ). We would therefore 
begin the solution by writing and solving the NaOH balance for m 2 , then writing and solving a 
total mass or water balance for mi, and finally determining V) from mi and the density. 




98 Chapter 4 Fundamentals of Material Balances 


• NaOH balance (input = output). 

(0.20 kg NaOH/kg)(100 kg) = (0.080 kg NaOH/kg)m 2 ==> m 2 = 250 kg NaOH 

It is a good practice to write calculated variable values on the flowchart as soon as they are known 
for ease of use in later calculations. At this point, 250 would therefore be written in place of m 2 
on the chart. 

• Total mass balance (input = output). 

m 2 = 250 kg 

100 kg + mi = m 2 -.'■ > m, = 150 kg H 2 0 

• Diluent water volume. Although we are not given the temperature or pressure at which the mixing 
is done, the density of liquid water is approximately constant at 1.00 kg/liter (see Equation 3.1-2). 
We may therefore calculate 


150 kg 

1.00 liter 


kg 


• Ratios requested in problem statement. 


Vi 

1001 
m 2 _ 

100 kg 

Exercise: Prove to yourself that you would get the same results for a different basis of calculation. 


- = I 1.50 liters H 2 Q/kg feed solution 


2.50 kg product solution/kg feed solution 


TEST 

YOURSELF 
(Answers, p. 656) 


1. Prove that the following flowchart depicts a balanced process by writing three balances. 


10 lb m 

0.5 lb m H 2 /lb m 
0.5 lb m 0 2 /Ib m 


0.2 lb m H 2 /ib m 
0.8 lb m oyibm 


4 lb m H 


2 


2. Indicate the balances you would write and the order in which you would write them to 
solve for the unknown stream variables in the following process: 


«i< g/s) 
0.3 g A/g 
0.2 g B/g 
0.5 g C/g 


400 g/s 


x(g A/g) 

0.1 g B/g 
(0.9-jt)(gC/g) 


g A/s) 


4.3d Degree-of-Freedom Analysis 

Everyone who has done material balance calculations has had the frustrating experience of 
spending a long time deriving and attempting to solve equations for unknown process vari¬ 
ables, only to discover that not enough information is available. Before you do any lengthy 
calculations, you can use a properly drawn and labeled flowchart to determine whether you 
have enough information to solve a given problem. The procedure for doing so is referred to 
as degree-of-freedom analysis. 
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To perform a degree-of-freedom analysis, draw and completely label a flowchart, count 
the unknown variables on the chart, then count the independent equations relating them, 4 and 
subtract the second number from the first. The result is the number of degrees of freedom of 
the process, n d{ ( = n unknowns - n indep eqns ). There are three possibilities: 

1. If n d f = 0, there are n independent equations in n unknowns and the problem can in 
principle be solved. 

2. If n di > 0, there are more unknowns than independent equations relating them, and at 
least «df additional variable values must be specified before the remaining variable values 
can be determined. Either relations have been overlooked or the problem is underspeci¬ 
fied and has infinitely many solutions; in either case, plunging into calculations is likely to 
be a waste of time. 5 

3. If n df < 0, there are more independent equations than unknowns. Either the flowchart is 
incompletely labeled or the problem is overspecified with redundant and possibly inconsis¬ 
tent relations. Again there is little point wasting time trying to solve it until the equations 
and unknowns are brought into balance. 

Sources of equations relating unknown process stream variables include the following: 

1. Material balances. For a nonreactive process, no more than independent material 
balances may be written, where n ms is the number of molecular species (e.g., CH 4 , 0 2 ) 
involved in the process. For example, if benzene and toluene are the species in the streams 
entering and leaving a distillation column, you could write balances on benzene, toluene, 
total mass, atomic carbon, atomic hydrogen, and so on, but at most two of those balances 
would be independent. If additional balances are written, they will not be independent of 
the first ones and so will provide no new information. 

For a reactive process, the procedure becomes more complicated. We will defer fur¬ 
ther discussion of this point to Section 4.7. 

2. An energy balance (Chapters 7 through 9). If the amount of energy exchanged between 
the system and its surroundings is specified or if it is one of the unknown process variables, 
an energy balance provides a relationship between inlet and outlet material flows and 
temperatures. 

3. Process specifications. The problem statement may specify how several process variables 
are related. For example, you may be told that of the acetone fed to a condenser [flow 
rate = mj (kg acetone/s)], 40% appears in a condensate stream [flow rate = m 2 (kg ace¬ 
tone/s)]. A system equation would then be m 2 = 0.40 mj. 

4. Physical properties and laws. Two of the unknown variables may be the mass and volume 
of a stream material, in which case a tabulated specific gravity for liquids and solids or an 
equation of state for gases (Chapter 5) would provide an equation relating the variables. 
In other instances, saturation or equilibrium conditions for one or more of the process 
streams (Chapter 6) may provide needed relations. 

5. Physical constraints. For example, if the mole fractions of the three components of a 
stream are labeled x A) xb , and xq, then a relation among these variables is x A + x b + *c = 
1. (If instead of xq you label the last fraction 1 - x A - x B . then you will have one less 
variable and one less equation to worry about.) 


^Equations are independent if you cannot derive one by adding and subtracting combinations of the others. For 
example, only two of the three equations x - 3, y = 2, and x + y = 5 are independent; any one of them can be 
obtained from the other two by addition or subtraction. 

’When a proposed process has a positive number of degrees of freedom, n df , it is possible to perform a pro¬ 
cess optimization. The engineer chooses n it design variables and assigns values to them, calculates values of the 
remaining system variables from the system equations, and calculates an objective junction from the full set of 
system variable values. The objective function may be a cost, a profit, or a rate of return on investment. The goal 
is to find the set of design variable values that yields the maximum or minimum value of the objective function. 
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• 

Equipment 

Encyclopedia 

condenser 


SOLUTION 


6. Stoichiometric relations. If chemical reactions occur in a system, the stoichiomet¬ 
ric equations of the reactions (e.g., 2 H 2 + O 2 —♦ 2 H 2 O) provide relationships be¬ 
tween the quantities of the reactants consumed and of the products generated. We will 
consider how to incorporate these relationships into a degree-of-freedom analysis in 
Section 4.7. 


Degree-of-Freedom Analysis 

A stream of humid air enters a condenser in which 95% of the water vapor in the air is condensed. 
The flow rate of the condensate (the liquid leaving the condenser) is measured and found to be 
225 L/h. Dry air may be taken to contain 21 mole% oxygen, with the balance nitrogen. Calculate 
the flow rate of the gas stream leaving the condenser and the mole fractions of oxygen, nitrogen, 
and water in this stream. 


Basis: 225 L/h Condensate 


rtitmol dry air/h) ] 
0.21 mol 0 2 /moi >• 
. 0.79 mol N 2 /mol J 
n 2 {mol H 2 0/h) 


« 4 (mol Oj/h) 
/i 5 (mol Nj/h) 
« 6 {mol H 2 Q !v)/h) 


225 liters H 2 0 (l)/h 
« 3 (mol H 2 0 (l)/h) 
{95% of water in feed) 


We first do the degree-of-freedom analysis. There are six unknowns on the chart—rii through « 6 . 
We are allowed up to three material balances—one for each species. We must therefore find three 
additional relations to solve for all unknowns. One is the relationship between the volumetric and 
molar flow rates of the condensate: we can determine from the given volumetric flow rate and the 
known specific gravity and molecular weight of liquid water. A second is the given fact that 95% of 
the water is condensed. This specification provides a relationship between hi and h 2 (h 3 = 0.95/L). 

However, no information in the problem statement provides a basis for establishing a sixth rela¬ 
tion, so that there is one degree of freedom. The problem is therefore underspecified, and there is 
no point in attempting to solve it. Without the flowchart, it would have been difficult to see this and 
a great deal of time could have been wasted in a futile effort. 

Suppose now that we had been given an additional piece of information—for example, that the 
entering air contains 10.0 mole% water. The flowchart would then appear as follows: 


n;(mo(/h) 

0.100 mol HjO/tnol 
0.900 mol dry air/mol ) 
0.21 mol 0 2 /mol dry air > 
. 0.79 mol N 2 /mol dry airj 


n 3 (mol 0 2 /h) 
ri^mol N 2 /h) 
ri 5 (mol H 2 0 (v)/h) 


225 L H 2 0 (l]/h 
/t 2 (mol H 2 0 (l)/h) 
(95% of water in feed) 


The degree-of-freedom analysis tells us that there are five unknowns and that we have five 
equations to solve for them [three mole balances, the density relationship between V 2 
(= 225 L/h) and h 2 , and the fractional condensation], hence zero degrees of freedom. The problem 
is therefore solvable in principle. We may now lay out the solution—still before proceeding to any 
algebraic or numerical calculations—by writing out the equations in an efficient solution order 
(equations involving only one unknown first, then simultaneous pairs of equations, etc.) and circling 
the variables for which we would solve each equation or set of simultaneous equations. In this 
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problem, a solution procedure can be found that does not involve simultaneous equations. (Verify 
that the units are correct in each equation.) 

• Density relationship. 


225 LH 2 0(1) 

l.OOkgHjOO) 

1 mol H a O 

h 

L 

18.0 X10' 3 kg 


—it— r 

• 95% Condensation. h 2 = 0.95 (0.100@) 

• O z Balance. n s (0.900)(0.21) = @ 

• Nj Balance. n,(0.900)(0.79) = @ 

• H 2 0 Balance. h t (0.100) = hz 

• Total outlet gas flow rate, (nima) = hz + ri 4 + n 5 

• Outlet gas composition. (g)= n 3 /n t o, a i, (5^ = h 4 /h totil , (y H2 oj= nsMotai 
The algebra and arithmetic are left as an exercise. 


4.3e General Procedure for Single-Unit Process Material Balance Calculations 

The problem-solving approach introduced in the previous sections and several additional pro¬ 
cedural suggestions are summarized below. Given a description of a process, the values of sev¬ 
eral process variables, and a list of quantities to be determined: 

1. Choose as a basis of calculation an amount or flow rate of one of the process streams. 

• If an amount or flow rate of a stream is given in the problem statement, it is usually 
convenient to use it as the basis of calculation. Subsequently calculated quantities will 
then be correctly scaled. 

• If several stream amounts or flow rates are given, always use them collectively as the 
basis. 

• If no stream amount or flow rate is specified in the problem statement, take as a basis 
an arbitrary amount or flow rate of a stream with a known composition (e.g., 100 kg or 
100 kg/h if all mass fractions are known, or 100 mol or 100 mol/h if all mole fractions 
are known). 

2. Draw a flowchart and fill in all known variable values, including the basis of calcula¬ 
tion. Then label unknown stream variables on the chart. 

• The flowchart is completely labeled if you can express the mass or mass flow rate (or 
moles or molar flow rate) of each component of each stream in terms of labeled quantities. 
Labeled variables for each process stream should therefore include either 

(a) the total mass [e.g., /rq(kg)] or mass flow rate [mi (kg/s)] and the mass fractions of 
all stream components [e.g., yea, (kg CH 4 /kg)], or 

(b) the total moles [e.g., ni(kmol)] or molar flow rate [«i(kmol/s)] and the mole frac¬ 
tions of all stream components [e.g., ycH 4 (kmol CH^kmol)], or 

(c) for each stream component, the mass [e.g., mH,(kg Hi)], mass flow rate [mh, 
(kg S0 2 /s)], moles [nco(kmol CO)], or molar flow rate [hco(kmol CO/s)]. 

• If you are given (or you can easily determine) either the amount or flow rate or any of 
the component fractions for a stream, label the total stream quantity or flow rate and 
the component fractions (categories (a) and (b) in the preceding list). If you only 
know the species present but have no quantitative information, label component quan¬ 
tities or flow rates (category (c) in the preceding list). Any labeling system will work 
for any stream, but the algebra tends to be simpler if you follow these rules of thumb. 

• Try to incorporate given relationships between unknown quantities in the labeling. For 
example, if you know that the molar flow rate of Stream 2 is double that of Stream 1, 
label the flow rates hi and 2/q rather than h\ and n 2 . 

• Label volumetric quantities only if they are given in the problem statement or you are 
asked to calculate them. You will write mass or mole balances, but not volume balances. 
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3. Express what the problem statement asks you to determine in terms of the labeled vari¬ 
ables. You will then know which unknowns you have to determine in order to solve the 
problem. 

4. If you are given mixed mass and mole units for a stream (such as a total mass flow rate 
and component mole fractions or vice versa), convert all quantities to one basis or the 
other using the methods of Section 3.3. 

5. Do the degree-of-freedom analysis. Count unknowns and identify equations that relate 
them. The equations may be any of the six types listed in Section 4.3d: material balances, 
an energy balance, process specifications, physical property relationships and laws, phys¬ 
ical constraints, and stoichiometric relations. If you count more unknown variables than 
equations or vice versa, figure out what’s wrong (e.g., the flowchart is not completely 
labeled, or an additional relation exists that was not counted, or one or more of your 
equations are not independent of the others, or the problem is underspecified or over- 
specified). If the number of unknowns does not equal the number of equations, there is 
no point wasting time trying to solve the problem. 

6. If the number of unknowns equals the number of equations relating them (i.e„ if the 
system has zero degrees of freedom), write the equations in an efficient order (mini¬ 
mizing simultaneous equations) and circle the variables for which you will solve (as in 
Example 4.3-4). Start with equations that only involve one unknown variable, then pairs 
of simultaneous equations containing two unknown variables, and so on. Do no algebra 
or arithmetic in this step. 

7. Solve the equations, either manually or using equation-solving software. Manual solution 
should go smoothly since you have already worked out an efficient solution procedure. 

8. Calculate the quantities requested in the problem statement if they have not already 
been calculated. 

9. If a stream quantity or flow rate n g was given in the problem statement and another 
value n c was either chosen as a basis or calculated for this stream, scale the balanced 
process by the ratio n g /n c to obtain the final result. 


EXAMPLE4.3-5 

« 

Equipment 

Encyclopedia 

distillation 

column 


SOLUTION 


The following example illustrates this procedure. 

Material Balances on a Distillation Column 

A liquid mixture containing 45.0% benzene (B) and 55.0% toluene (T) by mass is fed to a distillation 
column. A product stream leaving the top of the column (the overhead product ) contains 95.0 mole% 
B, and a bottom product stream contains 8.0% of the benzene fed to the column (meaning that 92% 
of the benzene leaves with the overhead product). The volumetric flow rate of the feed stream is 
2000 L/h and the specific gravity of the feed mixture is 0.872. Determine the mass flow rate of the 
overhead product stream and the mass flow rate and composition (mass fractions) of the bottom 
product stream. 

We will explicitly illustrate the implementation of the steps of the procedure just outlined. 

1* Choose a basis. Having no reason to do otherwise, we choose the given feed stream flow rate 
(2000 L/h) as the basis of calculation. 

2. Draw and label the flowchart. 


Feed 

2000 L/h 
m x ( kg/h) 

0.45 kg B/kg 
0.55 kg T/kg 


Overhead Product 

^i 2 (kg/h) 

0.95 mot B/mofi y B2 (kg B/kg) 

i 0.05 mol T/molJ (1 - y B2 )(kg T/kg) 


Bottom Product 


m B3 (kg B/h) (8% of B in feed) 
m T3 <kg T/h) 
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Note several points about the flowchart labeling: 

• A volumetric flow rate is given for the feed stream, but mass flow rates and fractions will 
be needed for balances. The mass flow rate of the stream should therefore be considered 
an unknown process variable and labeled as such on the chart. Its value will be determined 
from the known volumetric flow rate and density of the feed stream. 

• Since mass balances will be written, the given component mole fractions in the overhead 
product stream will have to be converted to mass fractions. The mass fractions are accord¬ 
ingly labeled as unknowns. 

• We could have labeled the mass flow rate and mass fractions of the bottom stream as we did 
the overhead. However, since we have no information about either the flow rate or compo¬ 
sition of this stream, we have instead labeled the component flow rates (following the rule 
of thumb given in Step 2 of the general procedure). 

• Every component mass flow rate in every process stream can be expressed in terms of labeled 
quantities and variables. (Verify this statement.) For example, the flow rates of toluene (kg 
T/h) in the feed, overhead, and bottom streams are, respectively, 0.55/hi, m 2 (l - y B 2 ), and 
«if 3 - The flowchart is therefore labeled completely. 

• The 8%-92% benzene split between the product streams is not a stream flow rate or composi¬ 
tion variable; nevertheless, we write it on the chart to remind ourselves that it is an additional 
relation among the stream variables and so should be included in the degree-of-freedom 
analysis. 

3. Write expressions for the quantities requested in the problem statement. In terms of the quan¬ 

tities labeled on the flowchart, the quantities to be determined are m 2 (the overhead product 
mass flow rate), m 3 = mB 3 + m-n (the bottom product mass flow rate), = «B 3 / "13 (the ben¬ 
zene mass fraction in the bottom product), and x T = 1 - .t B (the toluene mass fraction). Once 
we determine m 2 , 3 , and mj 3 , the problem is essentially solved. 

4. Convert mixed units in overhead product stream (see procedure preceding Example 3.3-3). 

Basis: 100 kmol overhead => 95.0 kmol B, 5.00 kmol T 

=4> (95.0 kmol B) x (78.11 kg B/kmol B) = 7420 kg B, (5.00 x 92.13) = 461 kg T 
=> (7420 kg B) + (461 kg T) = 7881 kg mixture 

=> y B2 = (7420 kg B)/ (7881 kg mixture) = 0.942 kg B/kg (write on chart) 

The molecular weights of benzene (78.11) and toluene (92.13) were looked up in Table B.l. 

5. Perform degree-of-freedom analysis. 

4 unknowns {m\,m 2 ,m S 2 ,mn) 

-2 material balances (since there are two molecular species in this 
nonreactive process) 

-1 density relationship (relating the mass flow rate to the given 
volumetric flow rate of the feed) 

-1 specified benzene split ( 8 % in bottom-92 % in overhead) 

0 degrees of freedom 

The problem is therefore solvable. 

6 . Write system equations and outline a solution procedure. The variables for which each equa¬ 
tion will be solved are circled. 

• Volumetric flow rate conversion. From the given specific gravity, the density of the feed 
stream is 0.872 kg/L. {Verify.) Therefore, 

• Benzene split fraction. The benzene in the bottom product stream is 8 % of the benzene in 
the feed stream. This statement translates directly into the equation 

(mjj^ = 0.08(0.45/hi) 

There are two unknowns remaining on the flowchart (m 2 and m-n), and we are allowed to 
write two balances. Balances on total mass and on toluene each involve both unknowns, but a 
benzene balance only involves m 2 (convince yourself, remembering that m B3 is now known), 
so we begin with that one. 
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• Benzene balance 0.45mi = (m^)y B2 + 

• Toluene balance 0.55/ni = (1 - y B2 )m 2 + (rknj 

7. Do the algebra. The four equations may be solved manually or with equation-solving software. 
If a manual solution is performed, each newly calculated variable value should be written on the 
flowchart for ease of refer ence in the remai nder of the solution. The results are = 1744 kg/h, 

m B 3 = 62.8 kg benzene/h, \m 2 = 766 kg/h] , and ntn = 915 kg toluene/h. (Verify.) A total mass 
balance (which is the sum of the benzene and toluene balances) may be written as a check on 
this solution: 


m, = m 2 + m B3 + m-n => 1744 kg/h = (766 + 62.8 + 915) kg/h = 1744 kg/h 

8. Calculate additional quantities requested in the problem statement. 


• 

Interactive 
Tutorial #2 

Questions with 
Immediate 
Feedback' 


m 3 = m B3 + m T3 = 62.8 kg/h + 915 kg/h = |~978 kg/h 


_ m B3 _ 62.8 kg B 
>B3 m 3 978 kg/h 

yi 3 = 1 — y B3 = f o~936 kg T/kg i 

If we had chosen a basis of calculation other than an actual stream amount or flow rate, we would 
now scale the process from the calculated basis value to the actual value of this variable. Since in 
this case our basis was the actual feed stream flow rate, the solution is now complete. 


’Note. This would be a good point to work through Interactive Tutorial #2. 


0.064 kg B/kg 


4.4 BALANCES ON MULTIPLE-UNIT PROCESSES 

In the preceding sections, we referred rather loosely to “the system,” as in the statement “At 
steady state the rate at which benzene enters the system equals the rate at which it leaves.” 
Not much was said about what “the system” was. Up to now, however, not much needed to be 
said, since we have considered only processes involving a single unit—a mixer, or a distillation 
column, or a reactor—and that unit necessarily constituted the system. 

Industrial chemical processes rarely involve just one process unit. One or more chemical 
reactors are often present, as are units for mixing reactants, blending products, heating and 
cooling process streams, separating products from each other and from unconsumed reactants, 
and removing potentially hazardous pollutants from streams prior to discharging the streams 
to the plant environment. Before we analyze such processes, we must take a closer look at what 
we mean by a system. 

In general terms, a “system” is any portion of a process that can be enclosed within a 
hypothetical box (boundary). It may be the entire process, an interconnected combination of 
some of the process units, a single unit, or a point at which two or more process streams come 
together or one stream splits into branches. The inputs and outputs to a system are the process 
streams that intersect the system boundary. 

A flowchart for a two-unit process is shown in Figure 4.4-1. Five boundaries drawn about 
portions of the process define systems on which balances may be written. 

Boundary ©encloses the entire process; the system defined by this boundary has as inputs 
Feed Streams 1,2, and 3 and Product Streams 1,2, and 3. (Convince yourself.) Balances on this 
system are referred to as overall balances. The stream that connects Units 1 and 2 is internal 
to this system and so would not enter into overall system balances. 

Boundary ® encloses a feed stream mixing point. Feed Streams 1 and 2 are inputs to this 
system and the stream flowing to Unit 1 is an output. Boundary © encloses Unit 1 (one input 
stream and two output streams). Boundary © encloses a stream splitting point (one in¬ 
put stream and two output streams), and Boundary ©encloses Unit 2 (two input streams and 
one output stream). 
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SOLUTION 
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UNIT 

1 


© ©, 


UNIT 

2 


Product 1 Product 2 Feed 3 

Figure 4.4-1 Flowchart of a two-unit process. Dashed lines de¬ 
note boundaries of systems about which balances can be written. 


The procedure for material balance calculations on multiple-unit processes is basically the 
same as that outlined in Section 4.3. The difference is that with multiple-unit processes you 
may have to isolate and write balances on several subsystems of the process to obtain enough 
equations to determine all unknown stream variables. When analyzing multiple-unit processes, 
carry out degree-of-freedom analyses on the overall process and on each subsystem, taking 
into account only the streams that intersect the boundary of the system under consideration. 
Do not begin to write and solve equations for a subsystem until you have verified that it has 
zero degrees of freedom. 

Two~Unit Process 

A labeled flowchart of a continuous steady-state two-unit process is shown below. Each stream con¬ 
tains two components, A and B, in different proportions. Three streams whose flow rates and/or 
compositions are not known are labeled 1,2, and 3. 



. 40.0 kg/h 

0.900 kg A/kg 
0.100 kgB/kg 



, 30.0 kg/h 

0.600 kg A/kg 

0.400 kg B/kg 

100.0 kg/h 


1 

2 



3 

0.500 kg A/kg 
0.500 kg 8/kg 



t 






30.0 kg/h 

0.300 kg A/kg 
| 0.700 kg B/kg 




Calculate the unknown flow rates and compositions of streams 1,2, and 3. 

Basis—Given Flow Rates 

The systems about which balances might be written are shown on the following representation of 
the flowchart: 


40.0 kg/h 
0.900 kg A/kg 
0.100 kgB/kg 


30.0 kg/h 
0.600 kg A/kg 
0.400 kg B/kg 


100.0 kg/h 

0.500 kg A/kg 
0.500 kg B/kg 


mi (kg/h) ( —, m 2 ( kg/h) 

TJkg A/kg) U->.r 2 (kg A/kg) 
l -*i(kg B/kg) 1 -x 2 {kg B/kg); 


m3<kg/h) 

Jr 3 (kg A/kg) 

1 - .r 3 (kg B/kg) 


30.0 kg/h 
0.300 kg A/kg 
0.700 kg B/kg 
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The outer boundary encompasses the entire process and has as input and output streams all of the 
streams that enter and leave the process. Two of the interior boundaries surround individual process 
units, and the third encloses a stream junction point. 

Degree-of-Freedom Analysis 

We first outline the solution procedure by performing degree-of-freedom analyses on different sys¬ 
tems. Remember that only variables associated with streams intersecting a svstem boundary are 
counted in the analysis of that system. 

Overall system (outer dashed boundary): 

2 unknowns (m 3 ,x 3 ) - 2 balances (2 species) = 0 degrees of freedom 
==: ^ Determine m 3 and *3 

In subsequent analyses, we may consider these two variables as known. Suppose we decide to con¬ 
sider the intermediate stream mixing point as the next system. 

Mixing point: 

4 unknowns (nti,xi,m 2 ,X 2 ) — 2 balances (2 species) = 2 degrees of freedom 
We have too many unknowns for the number of available equations. Let us try Unit 1. 

Unit 1: 

2 unknowns (m,,*,) - 2 balances (2 species) = 0 degrees of freedom 
== ^ Pennine m, and x\ 

We may now analyze either the mixing point or Unit 2, each of which has two unknown variables 
associated with it. 

Mixing point: 

2 unknowns (m 2 ,x 2 ) - 2 balances (2 species) = 0 degrees of freedom 
== ^ > P eterm i ne m 2 and jc 2 

The procedure will therefore be to write overall system balances to determine m 3 and * 3 , then bal¬ 
ances on Unit 1 to determine m, and *,, and finally balances on the intermediate mixing point to 
determine m 2 and x 2 . 

The calculations are straightforward. Note that all balances on this steady-state nonreactive pro¬ 
cess have the form input = output, and also note that the balances are written in an order that does 
not require solution of simultaneous equations (each equation involves only one unknown variable). 

Calculations 
Overall Mass Balance: 

(100.0 + 30.0) ^ = (40.0 + 30.0) ^ + «3 : =^ m 3 = 60.0 kg/h 

Overall Balance on A: (Verify that each additive term has the units kg A/h.) 

(0.500) (100.0) + (0.300)(30.0) = (0.900)(40.0) + (0.600)(30.0)+x 3 (60.0) 

==> = 0.0833 kg A/kg 

Mass Balance on Unit 1: (each term has the units kg/h) 

IOO = 40 + mi ==> | m, = 60.0 kg/h 
A Balance on Unit 1: (each additive term has the units kg A/h) 

(0.500)( 100.0) = (0.900)(40.0) + *,(60.0) ==> j = 0.233 kg A/kg" 
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Mass Balance on Stream Mixing Point: 

mi + 30.0 = m 2 


(Each term has the units kg/h.) 
m i = 60.0 kg/h i 

' m 2 = 90.0 kg/h 


A Balance on Stream Mixing Point: (Each additive term has the units kg A/h.) 

ximi + (0.300)(30.0) = xzmt 

mi = 60.0 kg/h 
jt, = 0.233 kg/kg 
m 2 = 90.0 kg/h 

x 2 = 0.255 kg A/kg 


The situation becomes still more complicated when three or more process units are in¬ 
volved. In such cases, balances may be written not only for the overall process and individual 
process units, but also for combinations of units. Finding the right combinations can lead to a 
considerable gain in computational efficiency. 


An Extraction-Distillation Process 


• 

Equipment 

Encyclopedia 

extractors 

(mixer-settler), 

distillation 

column 


A mixture containing 50.0 wt% acetone and 50.0 wt% water is to be separated into two streams— 
one enriched in acetone, the other in water. The separation process consists of extraction of the 
acetone from the water into methyl isobutyl ketone (MIBK), which dissolves acetone but is nearly 
immiscible with water. The description that follows introduces some of the terms commonly used in 
reference to liquid extraction processes. The process is shown schematically below. 


50% A, 50% W 



Raffinate 1 



j Mostly W and A 



Raffinate 2 
93.1% W. 
some M and A 


A = acetone (solute) 
W = water (diluent) 
M = MIBK (solvent) 


Extract 1 

Mostly M and A 



Extract 2 

Mostly M, 
some A and W 


Product: 97% A, 2% M. 1% W 

Combined extract 

Most of A in feed. M 

i 

DISTILLATION 

COLUMN 


Recovered solvent 


Mostly M, some A and W 


The acetone (solute)-water (diluent) mixture is first contacted with the MIBK (solvent) in a mixer 
that provides good contact between the two liquid phases. A portion of the acetone in the feed 
transfers from the aqueous (water) phase to the organic (MIBK) phase in this step. The mixture 
passes into a settling tank, where the phases separate and are separately withdrawn. The phase rich 
in the diluent (water, in this process) is referred to as the raffinate, and the phase rich in the solvent 
(MIBK) is the extract. The mixer-settler combination is the first stage of this separation process. 

Hie raffinate passes to a second extraction stage where it is contacted with a second stream of pure 
MIBK, leading to the transfer of more acetone. The two phases are allowed to separate in a second 
settler, and the raffinate from this stage is discarded. The extracts from the two mixer-settler stages 
are combined and fed to a distillation column. The overhead effluent is rich in acetone and is the 
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SOLUTION 


process product. The bottom effluent is rich in MIBK and in a real process would be treated further 
and recycled back to the first extraction stage, but we will not consider recycle in this example. 

In a pilot-plant study, for every 100 kg of acetone-water fed to the first extraction stage, 
100 kg of MIBK is fed to the first stage and 75 kg is fed to the second stage. The extract from 
the first stage is found to contain 27.5 wt% acetone. (All percentages in the remainder of this 
paragraph are weight percents.) The second-stage raffinate has a mass of 43.1 kg and contains 
53/o acetone, 1.6% MIBK, and 93.1% water, and the second-stage extract contains 9.0% ace¬ 
tone, 88.0 /o MIBK, and 3.0% water. The overhead product from the distillation column contains 
2.0% MIBK, 1.0% water, and the balance acetone. 

Taking a basis of calculation of 100 kg acetone-water feed, calculate the masses and composi¬ 
tions (component weight percentages) of the Stage 1 raffinate and extract, the Stage 2 extract, the 
combined extract, and the distillation overhead and bottoms products. 

This is a “trick” problem in that there is not enough information to calculate all of the requested 
quantities. We will show how degree-of-freedom analysis allows a fairly quick determination of 
which variables can be determined and how to determine them efficiently, and also helps avoid 
wasting a great deal of time trying to solve a problem with insufficient information. 

As always, we begin by drawing and labeling the flowchart. For simplicity, we will treat each mixer- 
settler combination as a single “extractor” unit. 


100 kg M 


75 kg M 



mi (kg) 

0.275 kg A/kg 
I *mi <kg M/kg) 

(0.725 -x Ml )(kg W/kg) 


m A4 (kg A) 
"i M4 (kg M> 
m m (kg W) 


DISTILLATION 

COLUMN 


(kg) 


0.97 kg A/kg 
0.02 kg M/kg 
0.01 kg W/kg 


was (kg A) 
™ M6 (kg M) 
m m (kg W) 


Balances may be written for any of the systems shown on the chart, including the overall process, 
the individual extractors, the two-extractor combination, the point where the two extract streams 
combine, and the distillation column. A degree-of-freedom analysis for the overall process indicates 
that there are four unknown variables (m 5 , m M 6 , «W 6 ) and only three equations that relate them 
(one material balance for each of the three independent species involved in the process), leaving one 
degree of freedom. Similarly, the first extractor has two degrees of freedom, the second extractor 
has one, the extract mixing point has three, and the distillation column has four. (Verify these figures.) 
However, the system composed of the two extraction units involves only three unknowns (mi, x Mi , m 3 ) 
and three balances relating them, hence zero degrees of freedom. The solution procedure is as follows: 

• Analyze two-extractor subsystem. Write a total mass balance and an acetone balance; solve si¬ 
multaneously to determine and m 3 . Write an MIBK balance to determine x M1 . 

• Analyze extract mixing point. Write acetone, MIBK, and water balances; solve to determine 
wa 4 , m m , and m W4 , respectively. 

• Analyze first (or second) extractor. Write acetone, MIBK, and water balances; solve to deter¬ 
mine m A2 , m M 2 , and m W2 . 

At this point, we may quickly determine that we can go no farther. There are four remaining 
unknowns ms,m A6 ,m M6 , and m W6 . Whether we choose the overall process or the distillation col- 
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umn as our system, we will only have three independent equations and hence one degree of free¬ 
dom, and so we will be unable to solve the problem. Moreover, since acetone, MIBK, and water all 
appear in both outlet streams, we cannot solve for any one of the individual unknowns. (If there were 
no water in the overhead product from the distillation column, for example, we could deduce that 
mw6 = tfJw-i)- The problem is thus underspecified; unless another piece of information is furnished, 
the amounts and compositions of the distillation column products are indeterminate. 

The calculations that can be performed are shown below. All balances have the form input = 
output (why?), and every additive term of each balance has units of kilograms of the balanced 
species. 

Balances Around Two-Extractor Subsystem 

Total mass: (100 + 100 + 75)kg = 43.1 kg 4- mj + m 3 
A: 100(0.500) kg A = (43.1)(0.053) kg A+/m(0.275) + m 3 (0.09) 
jj^ Solve simultaneously 

mi = 145 kg, mj = 86.8 kg j 

M: (100 + 75) kg M = (43.1)(0.016) kg M + m,jc M i + m 3 (0.88) 

J|/n t = 145 kg, m ? = 86.8 kg 

XMl = 0.675 kg MIBK/kg I 

Balances Around Extract Mixing Point 

A: mi(0.275) + m 3 (0.09) = m M 

= 145 kg, mj = 86,8 kg 

m .44 = 47.7 kg acetone 

M: mtJTMi + m 3 (0.88) = m M4 

= 145 kg, m 3 = 87 kg, * M i = 0.675 kg M/kg 

m M4 = 174 kg MIBK 

W; mi(0.725 — .tMt) + m 3 (0.03) = mw 4 

= 145 kg, = 86.8 kg, .r M i = 0.675 kg M/kg 

j % 4 = 9.9 kg water 


Balances Around First Extractor 

A; 100(0.500) kg A = m A2 + m x (0.275) 

= 145 kg 

j wiAi = 10.1 kg acetone 

M: 100 kg M = mya + m x j: M1 

= 145 kg, je m , = 0.675 kg M/kg 

| /WM2 = 2.3 kg MIBK 

W: (100)(0.500) = m W2 + m^O.725 - x Mi ) 
jjm, = 145 kg, x M1 = 0.675 kg M/kg 

| m W 2 = 42.6 kg water | 

i--—....J 
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If we knew (or could independently determine) any one of the variables m s , m A6 , m m , or mws, we 
could calculate the remaining three. Since we do not, we must terminate the calculations at this 
point. 


4.5 RECYCLE AND BYPASS 

It is rare that a chemical reaction A —* B proceeds to completion in a reactor. No matter how 
little A is present in the feed or how long the reaction mixture remains in the reactor, some A 
is normally found in the product. 

Unfortunately, you have to pay for all the reactant fed to a process, not just the fraction 
that reacts, and any A that leaves with the product therefore represents wasted resources. Sup¬ 
pose, however, you could find a way to separate most or all of the unconsumed reactant from 
the product stream. You could then sell the resulting relatively pure product and recycle the 
unconsumed reactant back to the reactor. You would, of course, have to pay for the separation 
and recycle equipment, but you would compensate for this cost by having to purchase less fresh 
reactant and being able to sell the purified product at a higher price. 

A labeled flowchart of a chemical process involving reaction, product separation, and re¬ 
cycle is shown in Figure 4.5-1. Note the distinction between the fresh feed to the process and 
the feed to the reactor, which is the sum of the fresh feed and recycle stream. If some of the 
stream variables shown in Figure 4.5-1 were unknown, you could determine them by writing 
balances on the overall process and about the reactor, separator, and mixing point. 

Students frequently have difficulty when they first encounter the concept of recycle be¬ 
cause they find it hard to understand that material can circulate in a system without an ac¬ 
cumulation of mass. If you have this difficulty, you might find it helpful to refer back to the 
flowchart of Figure 4.5-1. Observe that even though there is material circulating within the sys¬ 
tem, there is no net accumulation: 110 kg of material enters the system each minute, and the 
same mass leaves each minute. Within the system there is a net circulation rate of 120 kg/min, 
but the circulation has no effect on the overall process material balance. 


EXAMPLE 4.5-1 Material and Energy Balances on an Air Conditioner 


• 

Equipment 

Encyclopedia 

reactor, 

condenser 


Fresh air containing 4.00 mole% water vapor is to be cooled and dehumidified to a water content of 
1.70 moie% H 2 0. A stream of fresh air is combined with a recycle stream of previously dehumidified 
air and passed through the cooler. The blended stream entering the unit contains 2.30 mole% H 2 0. 
In the air conditioner, some of the water in the feed stream is condensed and removed as liquid. A 
fraction of the dehumidified air leaving the cooler is recycled and the remainder is delivered to a 


10 kg A/min 
100 kg B/mirt 


110 kg A/mm 


I 200 kg A/min j 


1 100 kg A/min i 


----- 

J 

1 > 

_ J 30 kg B/min 'l 

rlC.nL i Un 

J 130 kg B/min | 

ocrAK/UUn 

Fresh feed 




i < 







— 



Recycle stream 


90 kg A/min 
30 kg 8/min 


Figure 4.5-1 Flowchart of a reactor with separation and recycle of uncon¬ 
sumed reactant. 
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SOLUTION 


room. Taking 100 mol of dehumidified air delivered to the room as a basis of calculation, calculate 
the moles of fresh feed, moles of water condensed, and moles of dehumidified air recycled. 

The labeled flowchart for this process, including the assumed basis of calculation, is shown below. 
Dashed lines depict the four subsystems about which balances might be written—the overall process, 
the recycle-fresh feed mixing point, the air conditioner, and the recycle-product gas splitting point. 
The quantities to be determined are n%,n 3 , and n f . 


1 

1 


n 5 (mol) 



100 mol 

1 

1 

1 

1 

1 

«x(mol) < [ , 


0.983 DA 

0.017 W(v) 


” 1 * 2 (mol) J 

AIR 

i «4(mol) 1 

0.960 DA I [ 

! 0.977 DA 1 

COND. 

5 0.983 DA 1 

| 

0.983 DA' 

0.040 W(v) j 

1 

0.023 W(v) | 


::::: 

1 0.017 W(v) 


0.017 W(v) 


DA = dry air i 

W = water + 

n 3 [mol W())] 


Students first attempting recycle problems are tempted to jump in and start writing balances imme¬ 
diately, and when they do they find themselves spending a long time on the problems, often failing to 
get solutions. If you first take a few minutes to go through a degree-of-freedom analysis you should 
be able to work out an efficient solution method before doing any calculations, ultimately saving 
yourself much more time than it took to do the analysis. Observe the procedure. 


Overall System 


2 variables (n t , n 3 ) (Only consider streams that intersect the system boundary.) 

-2 balance equations (Two species—dry air and water—are in the streams.) 

0 degrees of freedom 

We can therefore determine jti and /13 from overall system balances. We would write a dry air bal¬ 
ance first since it only involves one unknown (n\), while total mole and water balances involve both 
unknowns. Once n\ has been determined, the second balance yields n 3 . No more can be done with 
the overall system, so we move on to other subsystems. 


Mixing Point Cooler 


Splitting Point 


2 variables (« 2 ,nj) 2 variables (n 2 , n t ) 2 variables (n 4 , n 5 ) 

—2 balances _ -2 balances _ -1 balance (see below) 

0 degrees of freedom 0 degrees of freedom 1 degree of freedom 

Only one independent balance can be written for the splitting point because the streams entering 
and leaving this subsystem are labeled as having identical compositions, so that the dry air/water 
mixture in all three streams behaves like a single species. (Convince yourself: write a total mole 
balance and a dry air or water balance around the splitting point and observe that you get the same 
equation each time.) 

At this point we could either write balances around the mixing point to determine n 2 and n 5 or 
around the cooler to determine n 2 and n 4 (but not around the splitting point, which has one degree 
of freedom). The mixing point is the logical subsystem to attack, since the problem statement asks 
for n 5 but not n 4 . Writing and solving balances around the mixing point will therefore complete the 
solution. 

Now, finally, we do the calculations. All balances have the form input = output, and each additive 
term in each equation has the units (mol of the balanced quantity). 


Overall dry air balance: 


0.960m = 0.983(100 mol) => 


«t = 102.4 mol fresh feed 


Overall mole balance: 


«i = m + 100 mol 


— 102.4 mol 


n 3 = 2.4 mol H 2 0 condensed 
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Mole balance on mixing point: n x -- n 5 — n 2 

Water balance on mixing point: 0.04m + 0.017n 5 = O.G23n 2 

I n ( = 102,4 mol 
v I Solve simultaneously 

rt 2 = 392.5 mol 
ns = 290 mol recycled 

Almost three moles are recycled for every mole of air delivered to the room. 


• 

Equipment 

Encyclopedia 

filter 


There are several reasons for using recycle in a chemical process besides the one given 
previously (recovering and reusing unconsumed reactants), including the following: 

1. Recovery of catalyst. Many reactors use catalysts to increase the rate of the reaction. Cat¬ 
alysts are usually expensive, and the processes generally include provisions for recovering 
them from the product stream and recycling them to the reactor. They may be recovered 
with the unconsumed reactants or recovered separately in special facilities designed for 
this purpose. 

2. Dilution of a process stream. Suppose a slurry (a suspension of solids in a liquid) is fed 
to a filter. If the concentration of solids in the slurry is too high, the slurry is difficult to 
handle and the filter will not operate properly. Rather than diluting the feed with fresh 
liquid, a portion of the filtrate can be recycled to dilute the feed to the desired solids 
concentration. 

3. Control of a process variable. Suppose a reaction releases an extremely large amount of 
heat, making the reactor difficult and expensive to control. The rate of heat generation 
can be reduced by lowering the reactant concentration, which can in turn be accomplished 
by recycling a portion of the reactor effluent to the inlet. In addition to acting as a diluent 
for the reactants, the recycled material also serves as a capacitance for the heat released: 
the greater the mass of the reaction mixture, the lower the temperature to which that mass 
will be raised by a fixed amount of heat. 

4. Circulation of a working fluid. The most common example of this application is the 
refrigeration cycle used in household refrigerators and air conditioners. In these devices, 
a single material is reused indefinitely, with only small makeup quantities being added to 
the system to replenish working fluid that may be lost through leaks. 

Part 1 of the next example presents a detailed material balance calculation for a separation 
process that involves recycle. Part 2 of the problem shows what would happen if the recycle 
were omitted and, in doing so, illustrates one of the reasons for recycling. 


EXAMPLE f 4:5-t 


An Evaporative Crystallization Process 


e 

Equipment 

Encyclopedia 

evaporator, 

crystallizer, 

filter 


The flowchart of a steady-state process to recover crystalline potassium chromate (K 2 Cr0 4 ) from 
an aqueous solution of this salt is shown below. 




h 2 o 





4500 kg/h 

EVAPORATOR 

49.4% K 2 Cr0 4 

CRYSTALLIZER 

Filter cake 

K 2 Cr0 4 (solid crystals) 

33.3% K 2 Cr0 4 




AND FILTER 

36.4% K 2 Cr0 4 solution 
(the crystals constitute 



Filtrate 

36.4% K 2 Cr0 4 solution 

oy mass of the 
filter cake) 
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SOLUTION 


Forty-five hundred kilograms per hour of a solution that is one-third K 2 Cr0 4 by mass is joined 
by a recycle stream containing 36.4% K 2 Cr0 4 , and the combined stream is fed into an evaporator. 
The concentrated stream leaving the evaporator contains 49.4% K 2 Cr0 4 ; this stream is fed into 
a crystallizer in which it is cooled (causing crystals of K 2 Cr0 4 to come out of solution) and then 
filtered. The filter cake consists of K 2 Cr0 4 crystals and a solution that contains 36.4% K 2 Cr0 4 by 
mass; the crystals account for 95% of the total mass of the filter cake. The solution that passes through 
the filter, also 36.4% K 2 Cr0 4 , is the recycle stream. 

1. Calculate the rate of evaporation, the rate of production of crystalline K 2 Cr0 4 , the feed rates 
that the evaporator and the crystallizer must be designed to handle, and the recycle ratio (mass 
of recycle)/(mass of fresh feed). 

2. Suppose that the filtrate were discarded instead of being recycled. Calculate the production 
rate of crystals. What are the benefits and costs of the recycling? 

L Basis: 4500 kg/h Fresh Feed. 

Let K denote K 2 Cr0 4 and W denote water. The flowchart is shown below; included on it are dashed 
boxes denoting the overall system and subsystems about which balances may be written. 


m 2 (kgW(v)/h) 


Fresh feed 
4500 kg/h 



In terms of labeled variables, the quantities requested in the problem statement are rh 2 (kg W evap- 
orated/h), m 4 {kg K(s)/h], mi (kg/h fed to evaporator), m (kg/h fed to crystallizer), and (m 6 /4500) 
(kg recycle/kg fresh feed). 

Notice how the product stream is labeled to take maximum advantage of what we know about its 
composition. The filter cake is a mixture of solid K crystals and a liquid solution with known K and 
W mass fractions. Instead of labeling as usual the mass flow rate and component mass fractions or 
the individual mass flow rates of K and W, we label the flow rates of the crystals and the solution, 
along with the solution component mass fractions. To confirm that the stream is fully labeled, we 
must verify that all component flow rates may be expressed in terms of labeled quantities. In this 
case, the total flow rate of potassium chromate is + 0.364ms (kg K/h) and the flow rate of water 
is 0.636m 5 (kg W/h), so that the labeling is complete. 


Degree-of-Freedom Analysis 

The degree-of-freedom analysis begins with the overall system and proceeds as follows: 

• Overall system 

3 unknown variables (m 2 , m 4 , ms) 

-2 balances (2 species involved) 

-1 additional relation (m 4 = 95% of the total filter cake mass) 

0 degrees of freedom 

We will therefore be able to determine m 2 , m 4 . and m 5 by analyzing the overall system. 
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• Recycle^-fresh food mixing point 

3 unknown variables (m g, jci) 

-2 balances _ 

1 degree of freedom 

Since we do not have enough equations to solve for the unknowns associated with this subsystem, 
we proceed to the next one. 

• Evaporator 

3 unknown variables (mi, jq, m 3 ) 

-2 bala nces 

1 degree of freedom 

Again, no luck. We have one last hope. 

• Crystallizer/filter 

2 unknown variables (m 3 , m 6 ) 

-2 balances _ 

0 degrees of freedom 

We can therefore determine m 3 and m 6 by writing and solving balances on the crystallizer/filter and 
then analyze either the mixing point or the evaporator to determine the two remaining unknowns 
(mi and *i), thereby completing the solution, ( Suggestion: Try to reproduce this analysis on your 
own before reading any farther.) The calculations follow, beginning with the analysis of the overall 
system. 

We are told that the solids constitute 95% by mass of the filter cake. This information translates 
directly to the following equation: 

m 4 = 0.95(m 4 4- m 5 ) 

m s = 0.05263 m 4 ( 1 ) 

We next write the two allowed overall system balances. The questions are, which ones and in what 
order? 


• A total mass balance involves all three system variables—m 2 , m 4 , and m 5 . 

• A K balance involves m and m$— the same two variables that occur in Equation 1. 

•AW balance involves m 2 and m 5 . 

The procedure is therefore to write a K 2 Cr0 4 balance, solve it simultaneously with Equation 1 to 
determine m 4 and m 5 , and then write a total mass balance to determine m 2 . The additive terms in 
each equation have units of kg/h of the balanced species. 


Overall K 2 Cr0 4 Balance 


(0.333)(4500) kg K/h = m 4 + 0.364m s 
JJ^Solve simultaneously with Equation 1 


/7l4 — 


1470 kg K 2 Cr0 4 crystals/h 


m 5 = 77.5 kg entrained solution/h 


Overall Total Mass Balance 


4500 kg/h = m 2 + m 4 + rh; 

jjm 4 = 1470 kg/h, m s = 775 kg/h 


2950 kg H 2 0 evaporated/h 


m 2 = 
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Mass Balance Around Crystallizer 

m 3 ~ ffi4 + tks + m$ 

= 1470 kg/h, m 5 = 77.5 kg/h 
m = 1550 kg/h + m 6 

Water Balance Around Crystallizer 

0.506m3 = 0.636ms + 0.636ms 
jjm, = 77.5 kg/h 
m 3 = 97.4 kg/h + 1.257m« 
Solving Equations 2 and 3 simultaneously yields 


m 3 = 7200 kg/h fed to crystallizer 


and hence 


m 6 = 5650 kg/h 

m 6 (kg recycle/h) _ 5650 _ 
4500 kg fresh feed/h 4500 


1.26 


kg recycle 
kg fresh feed 


Mass Balance Around Recycle-Fresh Feed Mixing Point 

4500 kg/h + m6 = mi 
JJm* = 5650 kg/h 


m 1 = 


10,150 kg/h feed to evaporator | 


( 2 ) 


(3) 


Check: A mass balance about the evaporator yields 

m 1 = m 2 + m 3 

=> 10,150 kg/h entering evaporator = (2950 + 7200) kg/h = 10,150 kg/h leaving evaporator. 
2. Basis: 4500 kg/h Fresh Feed. 

The flowchart for the system without recycle appears as shown below. 



We will not go through the detailed solution but will simply summarize. The degree-of-freedom 
analysis leads to the results that the overall system has one degree of freedom, the evaporator has 
zero, and the crystallizer-filter has one. (Verify these statements.) The strategy is therefore to begin 
with the evaporator and solve the balance equations for mi and m 2 . Once rh 2 is known, the crystallizer 
has zero degrees of freedom and its three equations may be solved for m 3 , m 4 , and m 5 . The rate of 
production of crystals is ^ _ 


m 3 = 622 kg K(s)/h 
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With recycle it was 1470 kg/h, a dramatic difference. The mass flow rate of the discarded fil¬ 
trate is _ 

ms = 2380 kg/h 


The filtrate (which is discarded) contains 0.364 X 2380 = 866 kg/h of potassium chromate, more than 
the filter cake contains. Recycling the filtrate enables us to recover most of this salt. The obvious 
benefit of recycling is the revenue from selling the additional potassium chromate. The costs include 
the purchase and installation costs for the recycle piping and pump and the cost of power consumed 
by the pump. It would probably not take long for the benefit to equal the cost, and thereafter the 
recycling would continue to increase the process profitability. 


A procedure that has several features in common with recycle is bypass, in which a fraction 
of the feed to a process unit is diverted around the unit and combined with the output stream 
from the unit. (For an example of a process that uses bypass, see Problems 4.32 and 4.33 at 
the end of this chapter.) By varying the fraction of the feed that is bypassed, we can vary the 
composition and properties of the product. 


Feed 


PROCESS 

UNIT 


Bypass stream 


Product 


Bypass and recycle calculations are approached in exactly the same manner: the flowchart 
is drawn and labeled, and overall balances and balances around the process unit or the stream 
mixing point following the process unit are used to determine unknown variables. 


4.6 CHEMICAL REACTION STOICHIOMETRY 

The occurrence of a chemical reaction in a process brings several complications into the mate¬ 
rial balance procedures described in the previous sections. The stoichiometric equation of the 
reaction imposes constraints on the relative amounts of reactants and products in the input and 
output streams (if A —» B, for example, you cannot start with 1 mol of pure A and end with 
2 mol of B). In addition, a material balance on a reactive substance does not have the simple 
form input = output, but must include a generation and/or consumption term. 

In this section we review reaction terminology and outline procedures for carrying out 
material balance calculations on reactive systems. 


4.6a Stoichiometry 

Stoichiometry is the theory of the proportions in which chemical species combine with one an¬ 
other. The stoichiometric equation of a chemical reaction is a statement of the relative number 
of molecules or moles of reactants and products that participate in the reaction. For example, 
the stoichiometric equation 

2 S0 2 + 0 2 — 2 S0 3 

indicates that for every two molecules (g-moles, lb-moles) of S0 2 that react, one molecule 
(g-mole, lb-mole) of 0 2 reacts to produce two molecules (g-motes, lb-moles) of S0 3 . The num¬ 
bers that precede the formulas for each species are the stoichiometric coefficients of the reac¬ 
tion components. 

A valid stoichiometric equation must be balanced; that is, the number of atoms of each 
atomic species must be the same on both sides of the equation, since atoms can neither be 
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created nor destroyed in chemical reactions. The equation 

SO 2 + 0 2 * SO 3 


cannot be valid, for example, since it indicates that three atoms of atomic oxygen (O) are pro¬ 
duced for every four atoms that enter into the reaction, for a net loss of one atom, but 


so 2 + \ o 2 — S0 3 



and 


2S0 2 + 0 2 — 2S0 3 



are balanced. 

The stoichiometric ratio of two molecular species participating in a reaction is the ratio 
of their stoichiometric coefficients in the balanced reaction equation. This ratio can be used 
as a conversion factor to calculate the amount of a particular reactant (or product) that was 
consumed (or produced), given a quantity of another reactant of product that participated in 
the reaction. For the reaction 


2S0 2 + 0 2 — 2S0 3 


you can write the stoichiometric ratios 

2 mol SO 3 generated 2 lb-moles SO? consumed 
1 mol 0 2 consumed ’ 2 lb-moles SO 3 generated 


and so on. If you know, for example, that 1600 kg/h of S0 3 is to be produced, you can calculate 
the amount of oxygen required as 


1600 kg S0 3 generated 

1 kmol SO 3 

1 kmol 0 2 consumed 

h 

80 kg S0 3 

2 kmol S0 3 generated 


kmol 0 2 

32 kg 0 2 

h 

1 kmol 0 2 


320 kg 0 2 /h 


It is a good practice to include the terms “consumed” and "generated” when performing 
conversions of this sort: simply writing 1 mol 0 2 /2 mol SO 3 could be taken to mean that 
2 mol of S0 3 contains 1 mol of 0 2 , which is not true. 


TEST 

YOURSELF 
(Answers, p. 656) 


Consider the reaction 

C 4 H 8 + 6 0 2 — 4 C0 2 + 4 H,0 

1. Is the stoichiometric equation balanced? 

2. What is the stoichiometric coefficient of C0 2 ? 

3. What is the stoichiometric ratio of H 2 0 to 0 2 ? (Include units.) 

4. How many lb-moles of 0 2 react to form 400 lb-moles of C0 2 ? (Use a dimensional equa¬ 
tion.) 

5. One hundred mol/min of C 4 H 8 is fed into a reactor, and 50% reacts. At what rate is water 
formed? 


4.6b Limiting and Excess Reactants, 

Fractional Conversion, and Extent of Reaction 

Two reactants, A and B, are said to be present in stoichiometric proportion if the ratio (moles A 
present)/(mole B present) equals the stoichiometric ratio obtained from the balanced reaction 
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equation. For the reactants in the reaction 

2 S0 2 + 0 2 -*■ 2 S0 3 

to be present in stoichiometric proportion, there must be 2 moles of S0 2 for every mole of 0 2 
(so that nso 2 /wo 2 = 2:1) present in the feed to the reactor. 

If reactants are fed to a chemical reactor in stoichiometric proportion and the reaction 
proceeds to completion, all of the reactants are consumed. In the above reaction, for example, if 
200 mol of S0 2 and 100 mol of 0 2 are initially present and the reaction proceeds to completion, 
the S0 2 and 0 2 would disappear at the same instant. It follows that if you start with 100 mol 
of 0 2 and less than 200 mol of S0 2 (i.e., if the S0 2 is present in less than its stoichiometric 
proportion), the S0 2 would run out first, while if more than 200 mol of S0 2 is initially present 
the 0 2 would run out. 

The reactant that would run out if a reaction proceeded to completion is called the limit¬ 
ing reactant, and the other reactants are termed excess reactants. A reactant is limiting if it is 
present in less than its stoichiometric proportion relative to every other reactant. If all reactants 
are present in stoichiometric proportion, then no reactant is limiting (or they all are, depending 
on how you choose to look at it). 

Suppose (/iA)feed is the number of moles of an excess reactant. A, present in the feed to a 
reactor and that (n A ) st01ch is the stoichiometric requirement of A, or the amount needed to react 
completely with the limiting reactant. Then (n A )feed ~ (« A ) s toich is the amount by which the A 
in the feed exceeds the amount needed to react completely if the reaction goes to completion. 
The fractional excess of the reactant is the ratio of the excess to the stoichiometric requirement: 

fractional excess of A = (? A ^ feed —j^A) sloich (4.6-1) 

( n A)stoich 

The percentage excess of A is 100 times the fractional excess. 

Consider, for example, the hydrogenation of acetylene to form ethane: 

C 2 H 2 + 2H 2 - C 2 H 6 

and suppose that 20.0 kmol/h of acetylene and 50.0 kmol/h of hydrogen are fed to a reactor. 
The stoichiometric ratio of hydrogen to acetylene is 2:1 (the ratio of coefficients in the stoichio¬ 
metric equation), and since the ratio of H 2 to C 2 H 2 in the feed is 2.5:1 (50:20), hydrogen is fed 
in a greater-than-stoichiometric proportion to acetylene. Acetylene is therefore the limiting 
reactant. (Convince yourself.) Since it would take 40.0 kmol H 2 /h to react completely with all 
the acetylene fed to the reactor, (n H2 ) sl0 ich = 40.0 kmol/h, and from Equation 4.6-1, 

fractional excess of H 2 - - 0.25 

40.0 kmol/h 

We say that there is 25% excess hydrogen in the feed. 

Chemical reactions do not take place instantaneously, and indeed often proceed rather 
slowly. In such cases, it is not practical to design the reactor for complete conversion of the 
limiting reactant; instead, the reactor effluent emerges with some of the limiting reactant still 
present and is then usually subjected to a separation process to remove the unconverted reac¬ 
tant from the product. The separated reactant is then recycled to the reactor inlet. The frac¬ 
tional conversion of a reactant is the ratio 

_ moles reacted 

moles fed (4.6-2) 

The fraction unreacted is accordingly 1 - /. If 100 moles of a reactant are fed and 90 moles 
react, the fractional conversion is 0.90 (the percentage conversion is 90%) and the fraction 
unreacted is 0.10. If 20 mol/min of a reactant is fed and the percentage conversion is 80%, then 
(20) (0.80) = 16 mol/min has reacted and (20)(1 - 0.80) = 4 mol/min remains unreacted. 
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TEST 

YOURSELF 
(Answers, p. 657) 


Considering the reaction discussed above (C 2 H 2 + 2H 2 -* C 2 H g ), suppose 20.0 kmol of 
acetylene, 50.0 kmol of hydrogen, and 50.0 kmol of ethane are charged into a batch reactor. 
Furthermore, suppose that after some time 30.0 kmol of hydrogen has reacted. How much of 
each species will be present in the reactor at the moment? 

Clearly, if you start with 50.0 kmol of H 2 and 30.0 kmol reacts, you will be left with 
[20.0 kmol H^] . Also, if 30.0 kmol of H 2 reacts, 15.0 km ol of C 2 H 2 also reacts (Why?), leaving 
you with (20.0 — 15.0) kmol C 2 H 2 = |5.0 kmol C 2 H 2 | , Finally, the 30.0 kmol of H 2 that reacts 
forms 15.0 kmol of C 2 Hg, which when added to the 50.0 kmol you started with gives you 
165.0 kmol C 2 H^| . 

More generally, if 2£ (kmol of H 2 ) react (where 2 is the stoichiometric coefficient of H 2 ), 
we may follow the same reasoning and write 

«h 2 = (*h 2 )o ~ 2£ 

«C 2 Hj = («c 2 h 2 )o - £ 

«c 2 h 6 = («c 2 h«)o + £ 

Once you know how much hydrogen (or acetylene) reacts or how much ethane is formed, you 
can determine £ from one of these equations and then determine the remaining component 
amounts from the other two equations. 

Next, we may generalize this result to any chemical reaction. To begin with, let us define a 
quantity Vj to be the stoichiometric coefficient of the i th species in a chemical reaction, making it 
negative for reactants and positive for products. For example, 

C 2 H 2 + 2H 2 C 2 Hg ==> vqh 2 = -1, vh 2 = -2, vqh 6 = +1 

Then if n,o (or h t o) is the moles (batch) or molar flow rate (continuous) of species i in the feed 
to a batch or continuous steady-state process, 

n; - n,o + Vif pp hi = h i0 + v,£ (4.6-3) 

(Verify that this expression yields the previously given formulas for the acetylene reaction.) 
The quantity £ (or £), which has the same units as n (or h), is called the extent of reaction. If 
you know the feed quantities (n,o for all i ) and you also know any one of the n t values, you can 
calculate £ by applying Equation 4.6-3 to the component for which n, is known. You can then 
calculate the remaining n,- values by applying Equation 4.6-3 to the other species, substituting 
the known values of £. 

For example, consider the ammonia formation reaction: 

N 2 + 3H 2 = 2NH 3 

Suppose the feed to a continuous reactor consists of 100 mol/s of nitrogen, 300 mol/s of hydro¬ 
gen, and 1 mol/s of argon (an inert gas). From Equation 4.6-3, we may write for the reactor 
outlet flow rates 

= 100 mol/s - £ 

«h 2 = 300 mol/s - 3£ 

*NHj = 2£ 

= 1 mol/s 

If you know the exit flow rate of any component or the fractional conversion of nitrogen 
or hydrogen, you can calculate £ and then the other two unknown outlet flow rates. Try it: 
For a fractional hydrogen conversion of 0.60, calculate the outlet flow rate of hydrogen, the 
extent of reaction, and the outlet flow rates of nitrogen and ammonia. The last value should be 
120 mol/s. 

The oxidation of ethylene to produce ethylene oxide proceeds according to the equation 
2 QH 4 + 0 2 — 2 C 2 H 4 0 

The feed to a reactor contains 100 kmol C 2 H 4 and 100 kmol 0 2 . 
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1. Which reactant is limiting? 

2. What is the percentage excess of the other reactant? 

3. If the reaction proceeds to completion, how much of the excess reactant will be left; how 
much C 2 H 4 O will be formed; and what is the extent of reaction? 

4. If the reaction proceeds to a point where the fractional conversion of the limiting reactant 
is 50%, how much of each reactant and product is present at the end, and what is the extent 
of reaction? 

5. If the reaction proceeds to a point where 60 kmol of O 2 is left, what is the fractional 
conversion of C 2 H 4 ? The fractional conversion of O 2 ? The extent of reaction? 


CREATIVITY EXERCISE 


• 

Equipment 

Encyclopedia 

reactors-batch reactor 


A single chemical reaction A —2B, takes place in a batch reactor, with known initial quantities 
of A and B. Think of as many process variables as you can that might vary with the extent 
of reaction; then suggest means by which each of these variables might be measured in an 
experiment to determine the extent of reaction versus time. For example, the refractive index 
of the reaction mixture might vary with the mixture composition; the experiment would then 
be to pass a beam of light through the reaction vessel and measure the angle of refraction as a 
function of time. 


EXAMPLE 4.6-1 i Reaction Stoichiometry 


Acrylonitrile is produced in the reaction of propylene, ammonia, and oxygen: 

C 3 H 6 + NH 3 + f 0 2 — C 3 H 3 N + 3H 2 0 

The feed contains 10.0 mole% propylene, 12.0% ammonia, and 78.0% air. A fractional conversion 
of 30.0% of the limiting reactant is achieved. Taking 100 mol of feed as a basis, determine which 
reactant is limiting, the percentage by which each of the other reactants is in excess, and the molar 
amounts of all product gas constituents for a 30% conversion of the limiting reactant. 

SOLUTION Basis: 100 mol Feed 


100 mol 



0.100 mol C 3 H|j/mol 
0.120 mol NHymol 


C 3 H 6 ) 

n NHj (mol NH 3 ) 


0.21 mol 0 2 /mol air 
0.79 mol Nj/mol air. 


The feed to the reactor contains 

(«c 3 h 6 )o = 10.0 mol 
(«nh 3 )o = 12.0 mol 

(no 2 )o - ' 


Ho,(mol 0 2 ) 
«Nj(mol N 2 ) 

C 3 H 3 N) 
n H , 0 (mol HjO) 


78.0 mol air 

0.210 mol 0 2 


mol air 


= 16.4 mol 


("nHj/mcshJo = 12.0/10.0 = 1.20 
(«NH 3 A>C 3 H 6 )stoich = l/l = l 

(rto 2 /«c 3 H 6 )o = 16.4/10.0 = 1.64 
(^O,/«C 3 H 6 )stoich = 1.5/1 = 1.5 


=> NHj is in excess (1.20 > 1 ) 
0 2 is in excess (1.64 > 1.5) 
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Since propylene is fed in less than stoichiometric proportion relative to the two other reactants, 
propylene is the limiting reactant. 

To determine the percentages by which ammonia and oxygen are in excess, we must first determine 
the stoichiometric amounts of these reactants corresponding to the amount of propylene in the feed 
(10 mol) and then apply Equation 4.6-1. 


(«NH 3 Istoich 
('K), )stoich 


10.0 mol C 3 H 6 

1 mol NH 3 

10.0 mol C 3 H 6 

1 mol C 3 H 6 ~ 

1.5 mol 0 2 


1 mol C 3 H 6 


- = 10.0 mol NH 3 


- = 15.0 mol 0 2 


(% excess) N H 3 = 


(% excess)o 2 = 


(NH 3 )q - (NH 3 ) s ,o, ch 
(NH 3 ) sto , ch 


x 100% 


(12.0 - 10.0)/10.0 x 100% = 


(16.4 - 15.0)/15.0 x 100% » 


| 20% excess NH 3 


! 9.3% excess 0 2 


If the fractional conversion of C 3 H 4 is 30%, then 

(«c 3 H 6 )out = 0.700 («c 3 h 6 )o = | 7.0 mol I 

1-1 

But from Equation 4.6-3, bcjHs = 10 0 mol C 3 H* - £. The extent of reaction is therefore £ = 
3.0 mol. Then, also from equation 4.6-3, 


«nh 3 

= 12.0 mol NH 3 

-£ = 

9.0 mol NH 3 

«o 2 

= 16.4 mol 0 2 - 

1.51 = 

11.9 mol 0 2 

«c,h 3 n 


= 

3.00 mol C 3 HjN 


= («n 2 )o 

= 

|61.6 mol N 2 ! 

i 1 

«h 2 o 

= 3£ 

= 

| 9.0 mol H 2 0 


4.6c Chemical Equilibrium 

Two of the fundamental questions of chemical reaction engineering are, given a set of reac¬ 
tive species and reaction conditions, (a) what will be the final (equilibrium) composition of 
the reaction mixture, and (b) how long will the system take to reach a specified state short of 
equilibrium? The field of chemical equilibrium thermodynamics concerns itself with the first 
question, and chemical kinetics deals with the second. 

Some reactions are essentially irreversible; that is, the reaction proceeds only in a single 
direction (from reactants to products) and the concentration of the limiting reactant eventually 
approaches zero (although “eventually” could mean seconds for some reactions and years for 
others). The equilibrium composition for such a reaction is therefore the composition corre¬ 
sponding to complete consumption of the limiting reactant. 

Other reactions (or the same reactions at different conditions) are reversible; reactants 
form products and products undergo the reverse reactions to reform the reactants. For example, 
consider the reaction in which ethylene is hydrolyzed to ethanol: 

C 2 H 4 + H 2 0 — C 2 H 5 OH 

If you start with ethylene and water, the forward reaction occurs; then once ethanol is present, 
the reverse reaction begins to take place. As the concentrations of C 2 H 4 and H 2 0 decrease, the 
rate of the forward reaction decreases, and as the C 2 H 5 OH concentration increases, the rate of 
the reverse reaction increases. Eventually a point is reached at which the rates of the forward 
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and reverse reactions are equal. At this point no further composition change takes place and 
the reaction mixture is in chemical equilibrium. 

A full discussion of the relations that can be used to determine equilibrium compositions 
of reactive mixtures is beyond the scope of this text; however, at this point you have enough 
knowledge to be able to calculate equilibrium compositions if the relations are given to you. 
The next example illustrates such a calculation. 




Calculation of an Equilibrium Composition 


If the water-gas shift reaction, 

CO(g) + H 2 0(g) - C0 2 (g) + H 2 (g) 

proceeds to equilibrium at a temperature T (K), the mole fractions of the four reactive species satisfy 
the relation 


2S&ZB- , K(J) 

ycoyn-iQ 

where K(T) is the reaction equilibrium constant. At T = 1105 K, K = 1.00. 

Suppose the feed to a reactor contains 1.00 mol of CO, 2.00 mol of H 2 0, and no C0 2 or H 2 , and 
the reaction mixture comes to equilibrium at 1105 K. Calculate the equilibrium composition and the 
fractional conversion of the limiting reactant. 


SOLUTION 


The strategy is to express all mole fractions in terms of a single variable (4, the extent of reaction 
at equilibrium), substitute in the equilibrium relation, solve for 4, and back-substitute to calculate 
the mole fractions and any other desired quantity. 

From Equation 4.6-3, 

«co = 100 mol - 4 (number of gram-moles of CO present at equilibrium) 
n H jO = 2.00 mol - 4 
n co 2 = 4 
n H 2 = 4 

«totai = 3.00 mol 
from which 


>'co = (1.00 mol - £0/3.00 mol 
Jh 2 o = (2.00 mol - 60/ 3.00 mol 
>co 2 = 4/3.00 mol 
y Hj = 4/3.00 mol 

Substitution of these expressions into the equilibrium relation (with K = 1.00) yields 

»=_ i __ 100 

I'coyHjO (1.00 mol - 4)(2.00 mol - 4) 

This may be rewritten as a standard quadratic equation ( verify ) and solved to yield 4 = 0.667 mol. 
This quantity may in turn be substituted back into the expression for y, to yield 


yco = 0.111, y H j 0 = 0.444, y co , = 0.222, y«, = 0.222 


The limiting reactant in this case is CO (verify). At equilibrium, 


«co = (1-00 - 0.667) mol = 0.333 mol 
The fractional conversion of CO at equilibrium is therefore 

/co = (1.00 — 0.333) mol CO reacted/(1.00 mol CO fed) = 


0.667 
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4.6d Multiple Reactions, Yield, and Selectivity 

In most chemical processes, reactants are brought together with the object of producing a de¬ 
sired product in a single reaction. Unfortunately, reactants can usually combine in more than 
one way, and the product once formed may react to yield something less desirable. The result 
of these side reactions is an economic loss: less of the desired product is obtained for a given 
quantity of raw materials, or a greater quantity of raw materials must be fed to the reactor to 
obtain a specified product yield. 

For example, ethylene can be produced by the dehydrogenation of ethane: 

C 2 He -* C2H4 + H2 

Once some hydrogen is produced, it can react with ethane to produce methane: 

Clih + H 2 2 CH 4 

Moreover, ethylene can react with ethane to form propylene and methane: 

C 2 H 4 + C 2 H 6 -* C 3 H 6 + CH 4 

Since the object of the process is to produce ethylene, only the first of these reactions may be 
regarded as desirable; the second one consumes the reactant without yielding the desired prod¬ 
uct and the third consumes both the reactant and the desired product. The engineer designing 
the reactor and specifying operating conditions for it must consider not only how to maximize 
the production of the desired product (C 2 H 4 ), but also how to minimize the production of 
undesired by-products (CH 4 , C 3 H 6 ). 

The terms yield and selectivity are used to describe the degree to which a desired reaction 
predominates over competing side reactions. 


moles of desired product formed 
moles that would have been formed if there were 
no side reactions and the limiting reactant had 
reacted completely 


(4.6-4) 


Selectivity: 


moles of desired product formed 
moles of undesired product formed 


(4.6-5) 


The yield defined by Equation 4.6-4 is always a fraction; it may also be expressed as a percentage 
by multiplying by 100%. If A is the desired product and B is an undesired product, one then 
refers to the selectivity of A relative to B. High values of the yield and selectivity signify that the 
undesired side reactions have been successfully suppressed relative to the desired reaction. 

Besides being defined by Equation 4.6-4, yield is also sometimes defined as moles of de¬ 
sired product divided by either moles of reactant fed or moles of reactant consumed in the 
reactor. For given feed and product compositions, the yields defined in these three manners 
may have completely different values, so that when you see a reference to a yield it is impor¬ 
tant to be aware of the working definition. 

The concept of extent of reaction can be extended to multiple reactions, only now each 
independent reaction has its own extent. If a set of reactions takes place in a batch or continuous 
steady-state reactor and vtj is the stoichiometric coefficient of substance t in reaction j (negative 
for reactants, positive for products), we may then write 


«f = n i0 + X v u(j (4.6-6) 

j 

For a single reaction, this equation reduces to Equation 4.6-3. 

For example, consider the pair of reactions in which ethylene is oxidized either to ethylene 
oxide (desired) or to carbon dioxide (undesired): 

C2H4 + j 0 2 —» C2H4O 


C 2 H 4 + 30 2 — 2C0 2 + 2H 2 0 
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The moles (or molar flow rates) of each of the five species involved in these reactions can be 
expressed in terms of the feed values and extents of reaction using Equation 4.6-6: 

( w C 2 H 4 )out = (rtCiH, )o - £l “ fe 

( n o 2 )out — («o 2 )o ~ 0,5ft — 3ft 
(*C 2 H 4 o)out = («QH 4 o)o + ft 
(«COi)out — («co 2 )o + 2ft 
( n H 2 t>)out = («H 2 o)o + 2ft 

If values of any two outlet amounts are given, the values of ft and ft may be determined 
from the corresponding two equations, and the remaining amounts may in turn be calculated 
from the remaining three equations. The next example illustrates this procedure. 

EXAMPLE4.6-3' Yield and Selectivity in a Dehydrogenation Reactor 


The reactions 


C 2 H 6 - C,H 4 + H 2 
C 2 H 6 + H 2 2CH 4 

take place in a continuous reactor at steady state. The feed contains 85.0 mole% ethane (C 2 H 6 ) 
and the balance inerts (I). The fractional conversion of ethane is 0.501, and the fractional yield of 
ethylene is 0.471. Calculate the molar composition of the product gas and the selectivity of ethylene 
to methane production. 


SOLUTION Basis: 100 mol Feed 


100 mol 



0.850 mol CjHg/mol 


n x (mol C 2 H 6 ) 

0.150 mol l/mol 


i « 2 (mol CjH 4 ) 


n 3 (mol H 2 ) 
n 4 (moI CH 4 ) 
n 5 (mol II 


From Equation 4.6-6, the outlet component amounts in terms of extents of reaction are as follows: 
«i(mol C 2 H 6 ) = 85.0 mol C 2 H 6 - ft - ft 
n 2 (mol C 2 H 4 ) = & 
n 3 (mol H 2 ) = ft - ft 
n 4 (mol CH 4 ) = 2ft 

ns(moll) = 15.0 mol I 

Ethane Conversion 


If the fractional conversion of ethane is 0.501, the fraction unconverted (and hence leaving the re¬ 
actor) must be (1 - 0.501). 


(1 - 0.501) mol C 2 H 6 unreacted ! 

85.0 mol C 2 H 6 fed 

mol C 2 H 6 fed 



— 42.4 mol C 2 H 6 = 85.0 mol C 2 IT -ft -ft 


Ethylene Yield 


85.0 mol C 2 H 6 fed 

1 mol C 2 H 4 


1 mol C 2 H 6 


( 1 ) 


• = 85.0 mol 


n 2 = 0.471(85.0 mol C 2 H 6 ) = 40.0 mol C 2 H 4 = ft 
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Substituting 40.0 mol for fi in Equation 1 yields = 2.6 mol. Then 
«3 = & - £ = 37.4 mol H 2 
n 4 = 24z = 5.2 mol CH 4 
n$ = 15.0 mol I 

n tot = (42.4 + 40.0 + 37.4 + 5.2 + 15.0) mol = 140.0 mol 

| _ 

Product: | 30.3% C 2 H 6 , 28.6% C 2 H 4 , 26.7% H 2 , 3.7% CH 4 , 10.7% I 

selectivity = (40.0 mol C 2 H 4 )/(5.2 mol CH4) 

_ f~ ? ? mol C 2 H 4 
mol CH 4 


Consider the following pair of reactions: 

A -» 2B (desired) 

A -> C (undesired) 

Suppose 100 mol of A is fed to a batch reactor and the final product contains 10 mol of A, 160 
mol of B, and 10 mol of C. Calculate 

1. The fractional conversion of A. 

2. The percentage yield of B. 

3. The selectivity of B relative to C. 

4. The extents of the first and second reactions. 

4.7 BALANCES ON REACTIVE PROCESSES 
4.7a Balances on Molecular and Atomic Species 

Figure 4.7-1 shows a flowchart for the dehydrogenation of ethane in a steady-state continuous 
reactor. The reaction is 

C 2 H 6 —> C 2 H 4 + H 2 

One hundred kmol/min of ethane is fed to the reactor. The molar flow rate of H 2 in the product 
stream is 40 kmol/min. 

A number of different balances could be written on this process, including balances on 
total mass, C 2 H 6 , C 2 H 4 , and H 2 . Of these, only the first has the simple form input = output: 
since the three given species all participate in the reaction, the balance equation for each of 
them must include a generation term (for C 2 H 4 and H 2 ) or a consumption term (for C 2 Hg). 

Notice, however, that balance equations may also be written for atomic carbon and atomic 
hydrogen, regardless of the molecular species in which the carbon and hydrogen atoms happen 
to be found. Balances on atomic species can be written input — output, since atoms can neither 
be created (generation = 0 ) nor destroyed (consumption = 0 ) in a chemical reaction. 

Before illustrating these balances, let us resolve an ambiguity. When we speak of a 
hydrogen balance, it could mean two completely different things: a balance on molecular 


TEST 

YOURSELF 
(Answers, p. 657) 





100 kmol C 2 H 6 /min 


40 kmol H^min 
/i,(kmol C 2 H 6 /min) 


/i 2 (kmot C 2 H 4 /min) 

Figure 4.7-1 Dehydrogenation of ethane. 
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hydrogen (H 2 ), existing as an independent species, or a balance on total hydrogen (H), bound 
and unbound. We will henceforth use the terms molecular hydrogen balance and atomic hy¬ 
drogen balance to represent these two types of balances. 

Some of the balances that can be written for the process shown in Figure 4.7-1 are as 
follows. (Recall that the general balance equation for a steady-state process is input + gen¬ 
eration = output + consumption.) 

Molecular H 2 Balance: generation = output 

Gen„, (” 0lH ^; erated ) = 40 mol H 2 /min 
C 2 H 6 Balance: input = output + consumption 


100molC 2 H 6 _ . / moIC 2 H 6 ) 
min min j 


+ Consc 2 H 6 


mol C 2 H 6 consumed 


C 2 H 4 Balance: generation = output 

r f mol C 2 H 4 generated \ 


' mol C?Hd 


Atomic C Balance: input = output 



100 mol C/min = h\ + « 2 
Atomic H Balance: input = output 

100 mol C 2 H 6 6 mol H _ 40 mol H? 2 mol H 
min 1 mol C 2 H 6 min 1 mol H 2 


. molC 2 H 6 

4-Ail 

6molH molC 2 H 4 

; 4 mol H 

min 

1 mol C 2 H 6 ' Ui min 

■ 1 mol C 2 H 4 


600 mol H/min = 80 mol H/min + 6h x + 4h z 

You could solve for h\ and « 2 either directly from the two atomic balances or by using the three 
molecular species balances in conjunction with the stoichiometric equation for the reaction. 

In general, systems that involve chemical reactions may be analyzed using (a) molecular 
species balances (the approach always used for nonreactive systems), (b) atomic species bal¬ 
ances, and (c) extents of reaction. Each approach leads to the same results, but any one of them 
may be more convenient for a given calculation so it is a good idea to become comfortable with 
all three. 

To carry out degree-of-freedom analyses of reactive systems you must first understand the 
concepts of independent equations, independent species, and independent chemical reactions. 
We explain these concepts in the next section, following which we outline and illustrate the 
three approaches to reactive system balance calculations. 

4.7b Independent Equations, Independent Species, 
and Independent Reactions 

When we first described degree-of-freedom analysis in Section 4.3d, we said that the maximum 
number of material balances you can write for a nonreactive process equals the number of 
independent species involved in the process. It is time to take a closer look at what that means 
and to see how to extend the analysis to reactive processes. 
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The key concept is that of independent equations. Algebraic equations are independent if 
you cannot obtain any one of them by adding and subtracting multiples of any of the others. 
For example, the equations 

[1] x + 2y = 4 

[2] 3x + 6y ~ 12 

are not independent, because [2] = 3 X [1], In effect, they are really the same equation. (Con¬ 
vince yourself by seeing what happens if you try to solve the two equations for x and v.) Simi¬ 
larly, the equations 

[1] x + 2y = 4 

[2] 2x-z~2 

[3] 4y + z = 6 

are not independent, because [3] = 2 x [1] - [2]. (Prove it.) 

If two molecular species are in the same ratio to each other wherever they appear in a process 
and this ratio is incorporated in the flowchart labeling, balances on those species will not be 
independent equations. Similarly, if two atomic species occur in the same ratio wherever they 
appear in a process, balances on those species will not be independent equations: 

For example, consider a process in which a stream of liquid carbon tetrachloride is vapor¬ 
ized into a stream of air. 


njtinol Q 2 /s) 
3.76«i(mol N 2 /s) 

« 2 (moI CCI 4 (l)/s) 


« 3 !mo! O^s) 

3.76n 3 (mol Nj/s) 
n 4 (nnol CCI 4 (v)/s) 

n 5 {mol CCI 4 (I)/S) 


Since nitrogen and oxygen are shown as being in the same ratio wherever they appear on the 
flowchart (3.76 mol N 2 /mol O 2 ), you cannot count them as two independent species and so you 
may count only two independent molecular species balances in a degree-of-freedom analysis— 
one for either 0 2 or N 2 and one for CCI 4 . (Try writing separate O 2 and N 2 balances and see 
what you get.) 

Similarly, atomic nitrogen (N) and atomic oxygen (O) are always in the same propor¬ 
tion to each other in the process (again 3.76:1) as are atomic chlorine and atomic carbon 
(4 mol Cl/1 mol C). Consequently, even though four atomic species are involved in this pro¬ 
cess, you may count only two independent atomic species balances in the degree-of-freedom 
analysis—one for either O or N and one for either C or Cl. (Again, convince yourself that the 
O and N balances yield the same equation, as do the C and Cl balances.) 

Finally, when you are using either molecular species balances or extents of reaction to 
analyze a reactive system, the degree-of-freedom analysis must account for the number of in¬ 
dependent chemical reactions among the species entering and leaving the system. Chemical 
reactions are independent if the stoichiometric equation of any one of them cannot be obtained 
by adding and subtracting multiples of the stoichiometric equations of the others. 

For example, consider the reactions 


[ 1 ] 

A —* 2B 

[ 2 ] 

B —C 

[3] 

A —* 2C 


These three reactions are not all independent, since [3] = [1] + 2 X [2]. 

[1]: A —* 2B 
2 X [2]: 2B —*• 2C 

[ 1 ] + 2 x [2]: A + 2B —* 2B + 2C => A —* 2C (= [3]) 




128 Chapter 4 Fundamentals of Material Balances 


However, any two of the reactions are independent. (They must be, since each one involves at 
least one species that does not appear in the other one.) 


TEST 

YOURSELF 
(Answers, p. 657) 


1. A mixture of ethylene and nitrogen is fed to a reactor in which some of the ethylene is 
dimerized to butene. 


100 mol/s 



0.60 mol C 2 H 4 /mol 
0.40 mol N 2 / 1 T 10 I 

KtnUI UK 

n x mol C 2 H 4 /s 
n 2 mol C 4 H a /s 


« 3 mol Nj/s 


2C 2 H 4 - 


c„h 8 


How many independent molecular species are involved in the process? How many inde¬ 
pendent atomic species are involved? Prove the latter claim by writing balances on C, H, 
and N. 

2. Write the stoichiometric equations for the combustion of methane with oxygen to form 
(a) CO? and H 2 0 and (b) CO and H 2 0; and for the combustion of ethane with oxygen 
to form (c) C0 2 and H 2 0 and (d) CO and H 2 0. Then prove that only three of these four 
reactions are independent. 


4.7c Molecular Species Balances 

If molecular species balances are used to determine unknown stream variables for a reactive 
process, the balances on reactive species must contain generation and/or consumption terms. 
The degree-of-freedom analysis is as follows: 

No. unknown labeled variables 

+ No. independent chemical reactions (as defined in Section 4.7b) 

— No. independent molecular species balances (as defined in Section 4.7b) 

- No. other equations relating unknown variables _ 

= No. degrees of freedom 

Once a generation or consumption term has been calculated for a species in a given reaction, 
the generation and consumption terms for all other species in that reaction may be deter min ed 
directly from the stoichiometric equation. (We will shortly illustrate this determination.) One 
generation or consumption term must therefore either be specified or calculated for each in¬ 
dependent reaction, which is why each reaction adds a degree of freedom to the system. 

We will use the dehydrogenation of ethane (Figure 4.7-1) to illustrate the required proce¬ 
dures. The flowchart is shown again here for ease of reference. 





100 kmoi C 2 H 6 /mm 

ft tftU! UK 

40 kmol H^min 
nitkmol C 2 Hg/min) 


ii 2 (kmol C 2 H 4 /min) 


Degree-of-Freedom Analysis 

2 unknown labeled variables (/ii,n 2 ) 

+ 1 independent chemical reaction 

- 3 independent molecular species balances (C 2 H 6 , C 2 H 4 , and H 2 ) 

- 0 other equations relating unknown variables 


= 0 degrees of freedom 
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The hydrogen balance will be used to determine the rate of hydrogen generation, and the 
outlet flow rates of ethane and ethylene will be calculated from the balances on those species. 
Notice how the ethane consumption and ethylene generation terms are determined directly 
from the hydrogen generation term. 


Hi Balance: 


generation = output 

_ /kmol H 2 generated \ 

Ge n H - - - 


40 kmol H 2 /min 


C 2 // 6 Balance: input = output + consumption 
, kmoiC 2 H 6 . /kmolC 2 H 6 \ 
min \ mm j 


40 kmol H 2 generated 

1 kmol C 2 H 6 consumed 

min 

1 kmol H 2 generated 


C 2 H 4 Balance: generation = output 


40 kmol H 2 generated 

1 kmol C 2 H 4 generated 

min 

1 kmol H 2 generated 


h 2 = 40 kmol C 2 H 4 /min 


= 60 kmol QHg/min 


kmol C 2 H 4 \ 
min ) 


4.7d Atomic Species Balances 

All balances on atomic species (C, H, O, etc.) take the form “input = output,” since atomic 
species can neither be generated nor consumed in chemical reactions (as opposed to nuclear 
reactions). The number of degrees of freedom is determined directly by subtracting equations 
from labeled unknowns: no additional degrees of freedom are contributed by the reactions. 

No. unknown labeled variables 

- No. independent atomic species balances (as defined in Section 4.7b) 

- No. molecular balances on independent nonreactive species 

- No. other equations relating unknown variables _ 

= No. degrees of freedom 

In the ethane dehydrogenation process, the two unknown flow rates will be determined from 
balances on atomic carbon and atomic hydrogen. 

Degree-of-Freedom Analysis 

2 unknown labeled variables 

- 2 independent atomic species balances (C and H) 

- 0 molecular balances on independent nonreactive species 

- 0 other equations relating unknown variables _ 

= 0 degrees of freedom 

C Balance: input = output 


100 kmol C 2 H 6 

2 kmol C 

min 

1 kmol C 2 H 6 


/ii(kmol C 2 H 6 ) 

| 2 kmol C 

« 2 (kmol C 2 H 4 ) 

2 kmol C 

(min) 

| 1 kmol C 2 He 

“f“ - "".. 

(min) 

1 kmol C 2 H 4 


4 


100 = h\ + n 2 


(1) 
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H Balance: input = output 


100 kmol C 2 H 6 

6 kmol H 

40 kmol H 2 

2 kmol H 


min 

1 kmol C 2 H 6 

min 

1 kmol H 2 


«i(kmol C 2 Hg) 

| 6 kmol H 

n 2 (kmol C 2 H 4 ) 

1 4 kmol H 

(min) 

1 kmol C 2 H 6 

+ 

(min) 

! 1 kmol C 2 H 4 




600 mol H/min = 80 mol H/min + 6hi + 4 h 2 (2) 

Solving Equations (1) and (2) simultaneously yields the same solutions obtained with atomic 
species balances: 


«i = 60 kmol C 2 H$/min 


«2 = 40 kmol Qbhf/min 


4.7e Extent of Reaction 


The third way to determine unknown molar flow rates for a reactive process is to write expres¬ 
sions for each product species flow rate (or molar amount) in terms of extents of reaction using 
Equation 4.6-3 (or Equation 4.6-6 for multiple reactions), substitute known feed and product 
flow rates, and solve for the extents of reaction and the remaining reactive species flow rates. 
The degree-of-freedom analysis follows: 

No. unknown labeled variables 
+ No. independent reactions (one extent of reaction for each) 

- No. independent reactive species 

(one equation for each species in terms of extents of reaction) 

— No. independent nonreactive species (one balance equation for each) 

- No. other equations relating unknown variables _ 

= No. degrees of freedom 

In the dehydrogenation process (refer one final time to the flowchart), DF = 2 unknown vari¬ 
ables (»i, h 2 ) +1 independent reaction -3 independent reactive species (C 2 H 6 , C 2 H 4 , H 2 ) = 0. 
For the same process. Equation 4.6-2 (hi = hi 0 + v£) for the three species in the process be¬ 
comes 

H 2 (v = 1): 40 kmol H 2 /min = £ =» f = 40 kmol/min 


C 2 H 6 (p 


= -!):«! - 100 kmol C 2 H 6 /min - f 


f 


= 40 kmol/min 


= 60 kmol C 2 Hg/min 


C 2 ¥L 4 (v = 1): h 2 = | 


i = 40 kmol/min 


n 2 


40 kmol C 2 H 4 /min 


Given that all three methods of carrying out material balances on reactive systems— 
molecular species balances, atomic species balances, and extents of reaction—necessarily yield 
the same results, the question is which one to use for a given process. There are no hard and 
fast rules but we suggest the following guidelines: 


• Atomic species balances generally lead to the most straightforward solution procedure, 
especially when more than one reaction is involved. 

• Extents of reaction are convenient for chemical equilibrium problems and when equation¬ 
solving software is to be used. 
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• Molecular species balances require more complex calculations than either of the other two 
approaches and should be used only for simple systems involving one reaction. 

The next example illustrates all three approaches for a system involving two reactions. 

Incomplete Combustion of Methane 

Methane is burned with air in a continuous steady-state combustion reactor to yield a mixture of 
carbon monoxide, carbon dioxide, and water. The reactions taking place are 

CH 4 + | 0 2 — CO + 2H 2 0 ( 1 ) 

CH 4 + 20 2 — CO, + 2H 2 0 ( 2 ) 

The feed to the reactor contains 7.80 mole% CH 4 ,19.4% 0 2 , and 72.8% N 2 . The percentage con¬ 
version of methane is 90.0%, and the gas leaving the reactor contains 8 mol C0 2 /mol CO. Carry out 
a degree-of-freedom analysis on the process. Then calculate the molar composition of the product 
stream using molecular species balances, atomic species balances, and extents of reaction. 

Basis -100 mol Feed 


n CH) ( m ol CH 4 ! 


100 mol 


rt CO (moi CO) 
8* C0 (mol CO 2 ) 

0.0780 mol CH 4 /mol 


Kw.nCmoi H,0) 

0.194 mol O^mol 


n 0 (mol 0 2 > 


0.728 mol N 2 /mol n N2 (mol N 2 ) 


Degree-of-Freedom Analysis 

The analysis can be based on any of the three solution methods: 

• Molecular species balances (Section 4.7c). 5 unknown variables + 2 independent reactions 

- 6 independent molecular species balances (CH 4 ,0 2 , N 2 , CO, C0 2> H 2 0) - 1 specified methane 
conversion = 0 degrees of freedom. 

• Atomic species balances (Section 4.7d). 5 unknown variables - 3 independent atomic species 
balances (C, H, O) - 1 nonreactive molecular species balance (N 2 ) - 1 specified methane 
conversion = 0 degrees of freedom. 

• Extents of reaction (Section 4.7e). 5 unknown labeled variables + 2 independent reactions 

- 5 expressions for «/(£) (i = CH», 0 2 , CO, C0 2 , H 2 0) - 1 nonreactive molecular species 
balance (N 2 ) - 1 specified methane conversion = 0 degrees of freedom. 

Before balances are written, the specified methane conversion can be used to determine «ch 4 . 

90% CHu Conversion: (10% remains unconverted) 

«ch 4 = 0.100(7.80 mol CH 4 fed) = 0.780 mol CH 4 


All three solution methods involve writing a balance on nitrogen (the nonreactive species in the 
process), so we may as well do that now as well. 

N 2 Balance: input = output 

[ «n 2 = 72.8 mol N 2 


It remains to determine n C o, «h 2 o> and n 0v We will proceed by each of the indicated methods. 


Molecular Species Balances 

As we mentioned before, this method is the most cumbersome when multiple reactions are involved 
and we strongly recommend against using it. We present it here only for illustrative purposes (mainly 
to illustrate why we recommend against using it). 
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Each balance on a reactive species will contain a generation or consumption term. We will use the 
notation Cch,.i(uio 1 CH 4 ) to denote the consumption of methane in Reaction 1, Gh,o 2 (mol H 2 0) to 
denote the generation of water in Reaction 2, and so on. Note that any G and C term for a specified 
reaction may be expressed in terms of any other G or C term for the same reaction directly from 
the stoichiometric equation. For example, the generation of water in Reaction 1 may be expressed 
in terms of the consumption of oxygen in that reaction as 

Ch : o,i (mol H 2 0 generated in Reaction 2) 

= Co 2 .i (mol 0 2 consumed in Reaction 2) x [ ——I—_—~ \ {Verify!) 

\1.5 mol 0 2 consumed ) 

Since the balances on CO and CO 2 each involve the same unknown molar amount (rtco), we will 
begin with those balances. Make sure you understand the form of each balance (like the CO balance, 
which simplifies to “output = generation”). 

CO Balance: output = generation 

nco = Gco.i (3) 

COj Balance: output = generation 

8 «co = Gqq 1 2 (4) 

Since we know both the feed and output amounts of methane, a methane balance should involve 
only the two methane consumption terms (one for each reaction) as unknowns. Since Cch„,i can be 
expressed in terms of Gco.i and Cat ,,2 can be expressed in terms of GcchJ> the CO, C0 2 , and CH 4 
balances will yield three equations in three unknowns— n c o. Gco.i, and Gco-,, 2 - 

CHi Balance; input = output + consumption 

7.80 mol CH4 = 0.780 mol CH* + C C h 4 ,i + Cch 4 , 2 

Cch,.i = Gco.i x (1 mol CH 4 consumed/1 mol CO generated) 

N CcMa - Gcoji x (1 mol CH 4 consumed/1 mol CO, generated) 

7.02 mol CH 4 = Gco.i + Gqo 2 2 
^Equations 3 and 4 

7.02 mol CH 4 — nco 4" 8 /zco := 9nro 



(5) 

( 6 ) 
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O 2 Balance: output = input - consumption 
«o 2 = 19.4 mol 0 2 - C 0 ,.i - Co 2 i 

(1.5 mol 0 2 consumed \ 


= 19.4 mol 0 2 - Gco.i 


1 mol CO generated / 


~ GCO-,2 


(l 

j|Gco.i = 0.780 mol CO generated, G C o ,2 = 6.24 mol C0 2 generated 


( 2 mol 0 2 consume d \ 
mol C0 2 generated J 


no 2 = 5.75 mol 0 2 


In summary, the stack gas contains 0.780 mol CH 4 ,0.780 mol CO, 6.24 mol C0 2 ,14.0 mol H 2 0,5.75 
mol 0 2 , and 72.8 mol N 2 . The molar composition of the gas is therefore 


0.78% CH4,0.78% CO, 6.2% C0 2l 14.0% H 2 0,5.7% 0 2 , and 72.5% N 2 | 


Atomic Species Balances 

Referring to the flowchart, we see that a balance on atomic carbon involves only one unknown 
Oco) and a balance on atomic hydrogen also involves one unknown (n H ,o). but a balance on atomic 
oxygen involves three unknowns. We will therefore write the C and H balances first, and then the 
O balance to determine the remaining unknown variable, n 0r All atomic balances have the form 
input = output. We will just determine the component amounts; calculation of the mole fractions 
then follows as in the previous part. 

C Balance 


7.8 mol CH 4 

1 mol C _ 0.78 mol CH 4 

1 mol C 


1 mol CH 4 

1 mol CH 4 


«co(mol CO) 

1 mol C ^ 8 nco(mol C0 2 ) 

1 mol C 


1 mol CO 

1 mol C0 2 


||Solve for nco 
«co = 0.780 mol CO j 


«co, = 8 «co = (8 X 0.780) mol C0 2 = 6.24 mol CO, 

H Balance 


7.8 mol CH 4 

4 mol H _ 0.78 mol CH 4 

4 molH 


1 mol CH» 

1 mol CH 4 


O Balance 


+ /i H,o(tuol H 2 Q) I 2 mol H 

I 1 mol H 2 0 


«h 2 o = 14.0 mol H 2 0 


19.4 mol 0 2 

2 mol O «o 7 (niol 0 2 ) 

2 mol O 0.78 mol CO 

1 mol O 


1 mol 0 2 

1 mol 0 2 

1 mol CO 


6.24 mol C0 2 

2 mol O 14.0 mol H 2 0 

1 mol O 


1 mol C0 2 

1 1 mol H?0 


hoj = 5.75 mol O; 
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The flow rates are the same as those calculated with molecular balances (as they must be), only this 
calculation involves much less effort. 


Extents of Reaction 


For the reactions 


CH 4 + f O z —* CO + 2H 2 0 (1) 

CHU + 20 2 —*■ C0 2 + 2H 2 0 (2) 

Equation 4.6-6 (n : = n l0 + X Vjjgj) for the reactive species involved in the process yields the following 
five equations in five unknowns (£t, £>, n C o, «h 2 o, «o 2 ): 

n c h 4 ( = 0.78 mol) = 7.80 mol - f - & => 7.02 mol = ft + & (3) 

flco = (4) 

n co 2 (- 8«co) = & (5) 

«h 2 o = 26 + 2& (6) 

no 2 = 19.4 mol - §& - 2& (7) 


From Equation 4, & = n C o, and from Equation 5, £ = 8«co- If these two expressions are substi¬ 
tuted into Equation 3, the resulting equation may be solved to yield 


nco = 0.78 mol CO 


nc 02 = 8«co = (8 x 0.780) mol C0 2 = 6.24 mol C0 2 


^Equations 4 and 5 
Ci = nco = 0.78 mol 
h = flco, = 6.24 mol 

Jl Substitute for f t and & in Equations 6 and 7 


«h 2 o = 14.0 mol H 2 0 


«o 2 = 5.75 mol 0 2 


Once again the same flow rates have been calculated, so that the molar composition of the product 
gas must therefore also be the same. For this problem, atomic species balances provide the least 
cumbersome solution. 


TEST 

YOURSELF 
(Answers, p. 657) 


Methane is burned to form carbon dioxide and water in a batch reactor: 

CH 4 + 20 2 -* C0 2 + 2H 2 0 

The feed to the reactor and the products obtained are shown in the following flowchart: 





100 mol CH 4 

250 mol 0 2 


40 mol CH 4 

130 mol 0 2 


60 mol C0 2 
120 mol H 2 0 


1. How much methane was consumed? What is the fractional conversion of methane? 

2. How much oxygen was consumed? What is the fractional conversion of oxygen? 

3. Write the extent of reaction equation (4.6-3) for methane, oxygen, and C0 2 . Use each 
equation to determine the extent of reaction, £, substituting inlet and outlet values from 
the flowchart. 
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4. How many independent molecular species balances can be written? How many indepen¬ 
dent atomic species balances can be written? 

5. Write the following balances and verify that they are all satisfied. The solution of the first 
one is given as an example. 

(a) Methane. (I = O + C. 100 mol CH 4 in = 40 mol CH 4 out + 60 mol CH 4 consumed) 

(b) Atomic oxygen (O). 

(c) Molecular oxygen (O 2 ). 

(d) Water. 

(e) Atomic hydrogen. 


4.7f Product Separation and Recycle 

Two definitions of reactant conversion are used in the analysis of chemical reactors with product 
separation and recycle of unconsumed reactants: 

Overall Conversion: re _ a _ ctant in P ut to P rocess ~ reactant output from process 

reactant input to process v * ’ 

Single-Pass Conversion: - aCta nt inpUt tQ react ° r ~ reactant out P ut from reactor (47 . 2) 

reactant input to reactor 1 ' } 

As usual, the corresponding percentage conversions are obtained by multiplying these quanti¬ 
ties by 100%. 

For example, consider the following labeled flowchart for a simple chemical process based 
on the reaction A -*• B: 


75 mol A/min 100 mol A/min 

25 mol A/min 

PRODUCT 75 mo | B/min 


75 mol 8 /min 

UNIT 



25 mol A/min 


The overall conversion of A is from Equation 4.7-1: 

(75 mol A/min)in - (0 mol/min)o Ut 
(75 mol A/min)i n 

The single-pass conversion is from Equation 4.7-2: 


X 100% = 100°/ 


(100 mol A/min)j n - (25 mol A/min) ou t __ 

/ inA l a t ” \- * iUU /o = fj /Q 

(100 mol A/min)i n 


This example provides another illustration of the object of recycle. We have achieved com¬ 
plete use of the reactant for which we are paying—the fresh feed—even though only 75% of 
the reactant entering the reactor is consumed before emerging. The reason the overall conver¬ 
sion is 100% is that perfect separation was assumed: any A that does not react gets sent back to 
the reactor. If a less-than-perfect separation were achieved and some A left with the product 
stream, the overall conversion would be less than 100%, although it would always be greater 
than the single-pass conversion. 


TEST What are the overall and single-pass conversions for the process shown in Figure 4.5-1 on 

YOURSELF p. 110? 

(Answers, p, 657) 

EX A MPLE"4J7r2^ Dehydrogenation of Propane 

Propane is dehydrogenated to form propylene in a catalytic reactor: 

C 3 H s - C3H5 + H 2 
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SOLUTION 


The process is to be designed for a 95% overall conversion of propane. The reaction products are 
separated into two streams: the first, which contains H 2 , C 3 H 6 , and 0.555% of the propane that 
leaves the reactor, is taken off as product; the second stream, which contains the balance of the 
unreacted propane and 5% of the propylene in the first stream, is recycled to the reactor. Calculate 
the composition of the product, the ratio (moles recycled)/(mole fresh feed), and the single-pass 
conversion. 


Basis: 100 mol Fresh Feed 


Fresh feed 
100 mol C 3 H 8 


j i_p.s CjHg) 1 

C 3 H| 


| « 3 (mol CjHg) 
1 n 4 {mol C 3 H 6 ) 
J n^mol H 2 ) 


Recycle 


n 9 (mol CgHg) 
n 10 {mol C 3 H 6 ) (5% of rt 7 ) 


SEPARATOR 


--1-J! 


1-1 


Product _ 

n 6 (mol C 3 Hg) (0.555% of n 3 ) 
n 7 (mol C 3 H 6 ) 
n 8 (mol H 2 ) 


In terms of the labeled variables, the quantities to be calculated are the mole fractions of product 
stream components [n 6 /(n 6 + n 7 + n g )],..., the recycle ratio [(n? +• n 10 )/100 mol], and the single¬ 
pass conversion [100% x (m - n 3 )/«j]. We must therefore calculate ni, n 3 , and through n i0 . As 
usual, we begin with the degree-of-freedom analysis to determine whether the problem is properly 
specified (i.e., whether it is possible to solve it). 

Degree-of-Freedom Analysis 

When analyzing subsystems in which reactions occur (the overall system and the reactor), we will 
count atomic balances; for nonreactive subsystems (the recycle mixing point and the separation unit) 
we will count molecular species balances. 

• Overall system (the outer dashed box on the flowchart). 3 unknown variables («$, n 7 , n g ) - 2 
independent atomic balances (C and H) — 1 additional relation (95% overall propane conversion) 
=> 0 degrees of freedom. We will therefore be able to determine n 6 , « 7 , and n 8 by analyzing the 
overall system. Let us count these three variables as known at this point. 

• Recycle-fresh feed mixing point. 4 unknown variables (fl9,/2i 0 ,ni,n 2 ) - 2 balances (C 3 H 8 , QHg) 
= 4> 2 degrees of freedom. Since we do not have enough equations to solve for the unknowns 
associated with this subsystem, we proceed to the next one. 

• Reactor. 5 unknown variables (n\ through n$) - 2 atomic balances (C and H) => 3 degrees of 
freedom. No heip here. Let us consider the remaining unit. 

• Separator. 5 unknown variables (n 3 , n 4 , n$, n 9 , n 10 ) ( n 6 through n 8 are known from the overall 
system analysis) - 3 balances (C 3 H 8 , C 3 H6, H 2 ) - 2 additional relations (n 6 = G.00555n 3 , n m = 
0.05n 7 ) => 0 degrees of freedom. 

We can therefore determine the five given variables associated with the separator and then return 
to analyze either the mixing point or the reactor; in either case we can write two atomic balances to 
solve for the two remaining unknowns (ni and n 2 ), thereby completing the solution. (In fact, not all 
of the system variables are required by the problem statement so we will be able to stop well short 
of the full analysis.) The calculations follow, beginning with the analysis of the overall system. 

95% Overall Propane Conversion {==> 5% unconverted) 

n 6 = 0.05(100 mol) = 5 mol C 3 H 8 

We are left with two overall system atomic balances to write. An H balance involves both re¬ 
maining unknowns (n 7 and n*) but a C balance involves only n 7 ; we therefore begin with the latter 
balance. 
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Overall C Balance 


(100 moi C 3 H 8 )(3 mol C/mol CjH 8 ) = K(mol C 3 H 8 )](3 mol C/mol C 3 H 8 ) 

+ [« 7 (mol C 3 H 6 )](3 mol C/mol C 3 H 6 ) 


rtf, = 5 mol p-- 

—. «7 = 95 mol C 3 H 6 


Overall H Balance (Fill in units.) 

(100)(8) = ii6(8) + /i,(6) + «g(2) 

The product therefore contains 


n« = 5 mol. m = 95 mol 


= 95 mol Hi 


5 mol C 3 H 8 
95 moi C 3 H 6 => 
95 mol H 2 


2.6 mole% C 3 H g 

48.7 mole% C 3 H 6 

48.7 mo!e% H 2 


Given Relations Among Separator Variables 


rtf, = 5 mol 
n 6 = 0.00555n 3 ' ==-. > 

rt 7 = 95 mol 

mo = 0.0500m ---. > 


I w 3 = 900 m ol C 3 H 8 
»io = 4.75 mol C 3 H« 


Propane Balance About Separation Unit 

n 3 = 900 mol, = 5 mol 
n-} = «6 + ng .—> 


We could continue writing balances about the separation unit to determine the values of n 4 and 
n$ but there is no reason to do so, since these values were not requested in the problem statement. 
The only value still to be determined is that of nj, which can be calculated from a propane balance 
about the mixing point. 


n 9 = 895 mol C 3 H 8 


Propane Balance About Mixing Point 


n<, = 895 mol : - —-- 

100 mol + n 9 = n x > I n, = 995 mol C 3 H g 


We now have all the variable values we need. The desired quantities are 
. _ (no + n 10 ) mol recycle n<> = ^95 mol, n, 0 = 4.75 mol 


Recvcle ratio = 


100 mol fresh feed 


9.00 


mol recvcle 


mol fresh feed 


Single-pass conversion = 


n x - n 3 


X 100% 


n , = 995 mol, n } = 900 mol 


9.6% 


Consider what is happening in the process just analyzed. Only about 10% of the propane 
entering the reactor is converted to propylene in a single pass; however, over 99% of the un¬ 
consumed propane in the reactor effluent is recovered in the separation unit and recycled back 
to the reactor, where it gets another chance to react. The net result is that 95% of the propane 
entering the process is converted and 5% leaves with the final product. 

In general, high overall conversions can be achieved in two ways: (a) design the reactor to 
yield a high single-pass conversion, or (b) design the reactor to yield a low single-pass conver¬ 
sion (e.g., 10%, as in the preceding example), and follow it with a separation unit to recover and 
recycle unconsumed reactant. If the second scheme is used, the reactor must handle a larger 
throughput, but it takes a much larger reaction volume to achieve a 95% conversion than a 
10 ^ conversion in a single pass. The lower single-pass conversion consequently leads to a de¬ 
crease in the cost of the reactor. On the other hand, the savings may be offset by the cost of 
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Recycle_Purge stream 



40 mol C 2 H 4 /s ' 

20 mol Oj/s 

452 mol N 2 /s 

10 mol C 2 H 4 /s 

5 mol 0 2 /s 

50 mol C 2 hVs 113 mol IVs 

25 mol 0 2 /s 

565 mol Njj/s 







Fresh feed 





Solvent 

60 mol C 2 H 4 /s 
30 mol 0 2 /s 

113 mol N 2 /s 

100 mol C 2 H 4 /s 
50 mol 0 2 /s 

565 mol N 2 /s 


50 mol C 2 H 4 /s 
25 mol Ojj/s 

565 mot N 2 /s 







50 mol C 2 H 4 0/s 
Solvent 


Figure 4.7-2 Process with recycle and purge. 


the separation process unit and the pump, pipes, and fittings in the recycle line. The final design 
would be based on a detailed economic analysis of the alternatives. 


4.7g Purging 

A problem may arise in processes that involve recycling. Suppose a material that enters with 
the fresh feed or is produced in a reaction remains entirely in a recycle stream, rather than 
being carried out in a process product. If nothing were done about this situation, the substance 
would continuously enter the process and would have no way of leaving; it would therefore 
steadily accumulate, making the attainment of steady state impossible. To prevent this buildup, 
a portion of the recycle stream must be withdrawn as a purge stream to rid the process of the 
substance in question. 

The flowchart shown in Figure 4.7-2 for the production of ethylene oxide from ethylene 
illustrates this situation. The reaction is 2 C 2 H 4 + O 2 2 C 2 H 4 O. A mixture of ethylene and 
air constitutes the fresh feed to the process. The effluent from the reactor passes to an absorber 
and is contacted with a liquid solvent. All of the ethylene oxide is absorbed into the solvent. The 
gas stream leaving the absorber, which contains nitrogen and unreacted ethylene and oxygen, 
is recycled to the reactor. 

If there were no nitrogen (or any other inert and insoluble substance) in the feed, there 
would be no need for a purge stream. The recycle would contain only ethylene and oxygen; 
the fresh feed would contain just enough of these substances to make up for the amount lost 
in the reaction, and the system would be at steady state. However, there is nitrogen. It enters 
the system at a rate of 113 mol/s and leaves the system at the same rate in the purge stream. If 
the system were not purged, nitrogen would accumulate at this rate until something—probably 
unpleasant—occurred to shut down the process. 

Material balance calculations on systems involving recycle and purge follow the proce¬ 
dures given in previous sections. When labeling the flowchart, note that the purge stream and 
the recycle stream before and after the purge takeoff all have the same composition. 


TEST 

YOURSELF 
(Answers, p. 657) 


A reaction with stoichiometry A —*■ B takes place in a process with the following flowchart: 



REACTOR 


SEPARATOR 


60 mol A ' 

1 200 mol A 

150 mol A 

50 mol B 

10 mol A 

50 mol B 








140 mol A 
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1. What is the overall conversion of A for this process? What is the single-pass conversion? 

2. The separation unit and recycle pump and piping are expensive. Why not eliminate them 
and sell the effluent from the reactor as is? Alternatively, why not keep the separator but 
discard the bottom stream instead of recycling it? 

3. Suppose a trace amount (say, 0.1%) of an inert material C is contained in the fresh feed 
and all of it stays in the bottom effluent stream from the separation unit (and so is recy¬ 
cled). Why would the process eventually shut down? What would you have to do to get it 
to work? 

4. Why not design the reactor to produce 10 mol A and 50 mol B from 60 mol A in a single 
pass, thereby eliminating the need for the separation and recycle? 



Recycle and Purge in the Synthesis of Methanol 


• 

Equipment 

Encyclopedia 

reactor, 

condenser 


Methanol is produced in the reaction of carbon dioxide and hydrogen: 

C0 2 + 3 H 2 —■ CH 3 OH + H 2 0 

The fresh feed to the process contains hydrogen, carbon dioxide, and 0.400 mole% inerts (I). The 
reactor effluent passes to a condenser that removes essentially all of the methanol and water formed 
and none of the reactants or inerts. The latter substances are recycled to the reactor. To avoid buildup 
of the inerts in the system, a purge stream is withdrawn from the recycle. 

The feed to the reactor (not the fresh feed to the process) contains 28.0 mole% C0 2 , 
70.0 mole% H 2> and 2.00 mole% inerts. The single-pass conversion of hydrogen is 60.0%. Cal¬ 
culate the molar flow rates and molar compositions of the fresh feed, the total feed to the reactor, 
the recycle stream, and the purge stream for a methanol production rate of 155 kmol CH 3 OH/h. 


SOLUTION 


Basis: 100 mol Combined Feed to the Reactor 


n r (mol) 

jc 5C (mol CO^mo!) 
jr 5H (mol Hj/mol) 

(1 -jc«£ - * 5 H } (moi l/mol) 


flp(mol) _ 

.isctmol COj/mol) 
jr 5H (mol Hj/mol) 

(1 -x x - x w ) (mol l/mol) 


n 5 fmoi) 

xjctmol COj/mol) 

.* 5 H(rnol Hj/mol) 

(1 ™ x x — * 5K ) (mol l/mol) 


rt 0 (molS 


100 mol 


*oc (m °l CO^mol) 0.280 mol CO,/mol 

(0.996 -jfoc) (mol H^mol) q. 700 mol HJmol 
0.00400 mol l/mol 0 .020 mol l/mol 


REACTOR 


/ij(mol C0 2 ) 
n 2 ( mol H 2 ) 

2.0 mol I 
n 3 {mol CH 3 OH) 
H 4 (moi H 2 0 ) 


CONDENSER 


l 


n 3 (mol CH 3 OH) 
n 4 (mol H 2 0) 


As a general rule, the combined feed to the reactor is a convenient stream to use as a basis of calcu¬ 
lation for recycle problems when the stream composition is known. We will therefore temporarily 
ignore the specified methanol production rate, balance the flowchart for the assumed basis, and then 
scale the process to the required extent. In terms of the labeled variables, the problem statement will 
be solved by determining no, x 0 c, 113 , * 50 , x 5 h, n p , and n t for the assumed basis, then scaling up no, 
100 mol (fed to reactor), n p , and n r by the factor (155 kmol CH 3 OH/h)/n 3 . 


Degree-of-Freedom Analysis 

In the analysis that follows, we will count molecular species balances for all systems. (We could 
equally well use atomic species balances or the extent of reaction.) Note that the reaction occurs 
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within the overall system and the reactor subsystem and so must be included in the degree-of- 
freedom analyses for both systems. 

• Overall system. 7 unknowns (n<s»*oc. nj, fl 4 ,/i p ,X 5 c.*SH) + 1 reaction — 5 independent balances 
(C0 2 ,H 2 ,1,CH 3 0H,H 2 0) => 3 degrees of freedom. Since we do not have enough equations 
to solve for the number of unknowns in the overall system, we check subsystems to see if one can 
be found with zero degrees of freedom. 

• Recycle-fresh feed mixing point. 5 unknowns (rto,-toc.«r.* 5 c. *sh) ~ 3 independent balances 

(C0 2 , H 2 ,I) 2 degrees of freedom. 

• Reactor. 4 unknowns (ni,fl 2 »« 3 .>u) + 1 reaction - 4 independent balances (C0 2 , H 2 , CH 3 OH, 
H 2 0)-1 single-pass conversion ==> 0 degrees of freedom. We will therefore be able to determine 
«i, « 2 . « 3 , and «4 and proceed from there. 

Notice that we only subtracted four balances and not one for each of the five species. The reason 
is that when we labeled the outlet flow of I as 2.0 mol, we implicitly used the balance on I ( input = 
output ) and so can no longer count it in the degree-of-freedom analysis. We will use the same 
reasoning in the analysis of the condenser. 

• Condenser. 3 unknowns («j,-esc, *sh) - 3 independent balances (C0 2 , H 2 ,1) => 0 degrees of 
freedom. We may now presume that n s , x 5 c, and xsh are known. 

In this analysis we presumed that we knew m,n 2 ,n 2 , and n A from the reactor analysis, and since 
we used the methanol and water balances when we labeled the bottom product stream we only 
counted three available balances in the degree-of-freedom analysis. 

• Purge-recycle splitting point. 2 unknowns (n r ,n p ) - 1 independent balance => 1 degree of 
freedom. Since the labeled component mole fractions are the same in all three streams in this 
subsystem, balances on all three species reduce to the same equation (try it and see). 

• Recycle-fresh feed mixing point (revisited). 3 unknowns (no,xoc,n T ) - 3 independent balances 
=> 0 degrees of freedom. We can now determine (no. -roc, and n r ). 

• Purge-recycle splitting point (revisited). 1 unknown (n p )-l independent balance => 0 degrees 
of freedom. The final unknown variable can now be calculated. 

The solution procedure will therefore be to write balances on the reactor, then the condenser, then 
the fresh feed-recycle mixing point, and finally the purge-recycle splitting point. The flowchart may 
then be scaled up by the required amount to obtain a methanol production rate of 155 kmol/h. The 
calculations follow. 

Reactor Analysis 


We will use molecular balances. Recall that the stoichiometric reaction is 
C0 2 + 3H 2 —* CH 3 OH + H 2 0 

60% Single-Pass Hz Conversion: (==> 40% is unconverted and emerges at the reactor outlet) 
n 2 = 0.40(70.0 mol H 2 fed) - 28.0 mol H 2 
Hi Balance: consumption = input - output 

Cons H , = (70.0 - 28.0) mol H 2 = 42.0 mol H 2 consumed 
COi Balance: output = input - consumption 


= 28.0 mol C0 2 - 


42.0 mol H 2 consumed 

1 mol C0 2 consumed 


3 mol H 2 consumed 


= 14.0 mol C0 2 


CHi OH Balance: output = generation 

„ 3 = 


42.0 mol H 2 consumed 

1 mol CH 3 OH generated 


3 mol H 2 consumed 


= 14.0 mol CH 3 OH 


HiO Balance: output = generation 


42.0 mol H 2 consumed 

1 mol H 2 0 generated 


3 mol H 2 consumed 


■ = 14.0 mol H.O 
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Condenser Analysis 

Total Mole Balance: input = output 

/it + «2 + W 3 + ^4 + 2.0 mol = /13 + /14 + ns 
||n 2 = 28.0 mol. n, = ni = n, - 14.0 mol 
n s = 44.0 mol 

C0 2 Balance : input = output 

m = n 5 x 5C 

II/it = 14.0 mol, n 5 = 44.0 mol 
xsc = 0.3182 mol CCVmol 
Hi Balance: input = output 

n 2 = n$x sh 

||« 2 ~ 28.0 mol, n$ = 44.0 mol 
xsh = 0.6364 mol C0 2 /mol 

Jl 

x\ = 1 — jcsc ~ *sh = 0.04545 mol I/mol 
Fresh Feed-Recycle Mixing Point Analysis 
Total Mole Balance: input = output 

no + n r = 100 mol 
I Balance: input = output 

«o{0.00400) + n r (0.04545) = 2.0 mol I 
Solving these two equations simultaneously yields 

n 0 = 61.4 mol fresh feed, n r = 38.6 mol recycle 

COi Balance: input = output 

n 0 xoc + Hj-xsc = 28.0 mol CO 2 

J|/*o = 61.4 mol, n r = 38.6 mol, xx — 0.3182 mol COi/mol 
jc oc = 0.256 mol C0 2 /mol 

ii 

x 0H = (1 - x oc - xoi) = 0.740 mol H 2 /mol 

Recycle-Purge Splitting Point Analysis 
Total Mole Balance: input = output 

«5 = rt r + n p 

||n 5 = 44.0 mol, n r = 38.6 mol 
rt p = 5.4 mol purge 


Flowchart Scaling 

For the assumed basis of 100 mol feed to the reactor, the production rate of methanol is n 3 = 14.0 
mol CHjOH. To scale the process to a methanol production rate of 155 kmol CH 3 OH/h, we multiply 
each total and component molar flow rate by the factor 

/ 155 kmol CH 3 OH/h \_ 11.1 kmol/h 
\14.0 mol CH 3 OH j mol 
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The mole fractions remain unchanged by the scaling. The results follow. 


Variable 

Basis Value 

Scaled Value 

Fresh feed 

61.4 mol 

25.6 mole% C0 2 

74.0 mole% H 2 

0.400 mole% I 

681 kmol/h 

25.6 mole% C0 2 

74.0 mole% H 2 

0.400 mole% I 

Feed to reactor 

100 mol 

28.0 mole% C0 2 

70.0 mole% H 2 

2.0 mole% I 

1110 kmol/h 

28.0 mole% C0 2 

70.0 mole% H 2 

2.0 mole% I 

Recycle 

38.6 mol 

31.8 mo!e% C0 2 

63.6 mole% H 2 

4.6 mole% I 

428 kmol/h 

31.8 mole% C0 2 

63.6 mole% H 2 

4.6 mole% I 

Purge 

5.4 mol 

31.8 mole% C0 2 

63.6 mole% H, 

4.6 mole% I 

59.9 kmol/h 

31.8 mole % C0 2 

63.6 mole% H 2 

4.6 mole% I 


4.8 COMBUSTION REACTIONS 

Combustion—the rapid reaction of a fuel with oxygen—is perhaps more important than any 
other class of industrial chemical reactions, despite the fact that combustion products (CO 2 , 
EhO, and possibly CO and SO 2 ) are worth much less than the fuels burned to obtain them. 
The significance of these reactions lies in the tremendous quantities of energy they release— 
energy that is used to boil water to produce steam, which is then used to drive the turbines that 
generate most of the world’s electrical power. 

The job of designing power generation equipment usually falls to mechanical engineers, 
but the analysis of combustion reactions and reactors and the abatement and control of envi¬ 
ronmental pollution caused by combustion products like CO, CO 2 , and SO 2 are problems with 
which chemical engineers are heavily involved. In Chapter 14, for example, we present a case 
study involving the generation of electricity from the combustion of coal and removal of SO 2 
(a pollutant) from combustion products. 

In the sections that follow, we introduce terminology commonly used in the analysis of 
combustion reactors and discuss material balance calculations for such reactors. Methods of 
determining the energy that can be obtained from combustion reactions are given in Chap¬ 
ter 9. 

4.8a Combustion Chemistry 

Most of the fuel used in power plant combustion furnaces is either coal (carbon, some hydro¬ 
gen and sulfur, and various noncombustible materials), fuel oil (mostly high molecular weight 
hydrocarbons, some sulfur), gaseous fuel (such as natural gas, which is primarily methane), or 
liquefied petroleum gas, which is usually propane and/or butane. 







4.8 Combustion Reactions 143 


When a fuel is burned, carbon in the fuel reacts to form either CO 2 or CO, hydrogen 
forms H 2 0, and sulfur forms S0 2 . At temperatures greater than approximately 1800°C, some 
of the nitrogen in the air reacts to form nitric acid (NO). A combustion reaction in which CO 
is formed from a hydrocarbon is referred to as partial combustion or incomplete combustion 
of the hydrocarbon. 

Examples: 


C + o 2 — co 2 

C 3 H 8 + 5 0 2 — 3 C0 2 + 4H 2 0 
C 3 H 8 + |0 2 — 3 CO + 4H 2 0 
CS 2 + 3 O 2 — C0 2 +2S0 2 


Complete combustion of carbon 
Complete combustion of propane 
Partial combustion of propane 
Complete combustion of carbon disulfide 


Perry’s Chemical Engineer’s Handbook provides a thorough discussion of fuels and combus¬ 
tion. 6 

For obvious economic reasons, air is the source of oxygen in most combustion reactors. 
Dry air has the following average molar composition: 


N 2 

78.03% 

o 2 

20.99% 

Ar 

0.94% 

C0 2 

0.03% 

H 2 , He, Ne, Kr, Xe 

0.01% 


100.00% 


Average molecular weight = 29.0 


In most combustion calculations, it is acceptable to simplify this composition to 79% N 2 ,21% 
0 2 =?> 79 moles N 2 /21 moles 0 2 = 3.76 moles N 2 /mole 0 2 . 

The term composition on a wet basis is commonly used to denote the component mole 
fractions of a gas that contains water, and composition on a dry basis signifies the component 
mole fractions of the same gas without the water. For example, a gas that contains 33.3 mole% 
C0 2 , 33.3% N 2 , and 33.3% H 2 0 (wet basis) contains 50% C0 2 and 50% N 2 on a dry basis. 

The product gas that leaves a combustion furnace is referred to as the stack gas or flue gas. 
When the flow rate of a gas in a stack is measured, it is the total flow rate of the gas including 
water; on the other hand, common techniques for analyzing stack gases provide compositions 
on a dry basis. You must therefore be able to convert a composition on a dry basis to its cor¬ 
responding composition on a wet basis before writing material balances on the combustion 
reactor. The procedure to convert a composition from one basis to another is similar to the 
one used to convert mass fractions to mole fractions and vice versa given in Chapter 3: assume 
an amount of the stack gas (e.g., 100 mol of wet gas if composition on a wet basis is known or 
100 mol of dry gas if a dry basis composition is known), calculate how much of each component 
is present, and use this information to calculate mole fractions on the desired basis. 


EXAMPLE 4.8-1, Composition on Wet and Dry Bases 
1. Wet Basis =? Dry Basis. 

A stack gas contains 60.0 mole% N 2 ,15.0% C0 2 ,10.0% 0 2 , and the balance H 2 0. Calculate the 
molar composition of the gas on a dry basis. 


6 R. H. Perry and D. W. Green, Eds., Perry’s Chemical Engineers’ Handbook, 7th Edition, McGraw-Hill, New 
York, 1997, pp, 27-3 through 27-51. 
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SOLUTION 


SOLUTION 


Basis: 100 mol Wet Gas 


60.0 mol N 2 
15.0 mol C0 2 
10.0 mol O 2 



85.0 mol dry gas 

1 

60.0 

0 706 m ° 1N2 

85.0 

mol dry gas 

15.0 

0.176 m ° ICOj 

85.0 

mol dry gas 

100 

Olio mol 02 

85.0 

mol dry gas 


2. Dry Basis => Wet Basis. 

An Orsat analysis (a technique for stack analysis) yields the following dry basis composition: 

N 2 65% 

C0 2 14% 

CO 11% 

0 2 10 % 

A humidity measurement shows that the mole fraction of H 2 0 in the stack gas is 0.0700. Calculate 
the stack gas composition on a wet basis. 


Basis: 100 lb-moles Dry Gas 


0.0700 


lb-mole H 2 0 
lb-mole wet gas 


0.930 


lb-mole dry gas 
lb-mole wet gas 


0.0700 lb-mole H 2 Q/lb-mole wet gas 
0.930 lb-mole dry gas/lb-mole wet gas 

Hence the gas in the assumed basis contains 


= 0.0753 


lb-mole H 2 0 
lb-mole dry gas 


100 lb-moles dry gas | 0.0753 lb-mole H 2 0 

1 

100 lb-moles dry gas 

lb-mole dry gas 

0.650 lb-mole N 2 


lb-mole dry gas 


= 7.53 lb-moles H 2 Q 


• = 65.0 lb-moles N 2 

(100)(0.140) lb-moles C0 2 = 14.0 lb-moles C0 2 
(100X0.110) lb-moles CO = 11.0 lb-moles CO 
(100)(0.100) lb-moles 0 2 = 10.0 Ib-moles 0 2 


107.5 lb-moles wet gas 

The mole fractions of each stack gas component may now easily be calculated: 

7.53 lb-moles H 2 0 „„„„ lb-mole H 2 0 

yH 2 o - ~t. ...:. — 0,070 - 


107.5 lb-moles wet gas 


lb-mole wet gas ’ 
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TEST 

YOURSELF 
(Answers, p. 657) 


1. What is the approximate molar composition of air? What is the approximate molar ratio 
of N 2 to O 2 in air? 

2. A gas contains 1 mol H 2 ,1 mol O z , and 2 mol H 2 O. What is the molar composition of this 
gas on a wet basis? On a dry basis? 

3. A flue gas contains 5 mole% H 2 0. Calculate the ratios 

(a) kmol flue gas/kmol H 2 0. 

(b) kmol dry flue gas/kmol flue gas. 

(c) kmol H 2 0/kmol dry flue gas. 


4.8b Theoretical and Excess Air 

If two reactants participate in a reaction and one is considerably more expensive than the other, 
the usual practice is to feed the less expensive reactant in excess of the valuable one. This has 
the effect of increasing the conversion of the valuable reactant at the expense of the cost of the 
excess reactant and additional pumping costs. 

The extreme case of an inexpensive reactant is air, which is free. Combustion reactions 
are therefore invariably run with more air than is needed to supply oxygen in stoichiometric 
proportion to the fuel. The following terms are commonly used to describe the quantities of 
fuel and air fed to a reactor. 


Theoretical Oxygen: The moles (batch) or molar flow rate (continuous) of 0 2 needed for com¬ 
plete combustion of all the fuel fed to the reactor, assuming that all carbon in the fuel is 
oxidized to C0 2 and all the hydrogen is oxidized to H 2 O. 

Theoretical Air. The quantity of air that contains the theoretical oxygen. 

Excess Air: The amount by which the air fed to the reactor exceeds the theoretical air. 


Percent Excess Air: 


(moles air)f ed - (moles air) theoretlca | x 10Q% 
(moles air)th e oreticai 


(4.8-1) 


If you know the fuel feed rate and the stoichiometric equation(s) for complete combustion of 
the fuel, you can calculate the theoretical 0 2 and air feed rates. If in addition you know the 
actual feed rate of air, you can calculate the percent excess air from Equation 4.8-1. It is also 
easy to calculate the air feed rate from the theoretical air and a given value of the percentage 
excess: if 50% excess air is supplied, for example, then 

(moles airbed = 1.5 (moles air) the oreticai 



Theoretical and Excess Air 


One hundred mol/h of butane (C 4 H 10 ) and 5000 mol/h of air are fed into a combustion reactor. 
Calculate the percent excess air. 


SOLUTION 


First, calculate the theoretical air from the feed rate of fuel and the stoichiometric equation for 
complete combustion of butane: 

C 4 H l0 + f O a — 4 C0 2 + 5 H 2 0 

(^Oj Xheoretical = ' 


100 mol C 4 H 10 

6.5 mol 0 2 required 

h 

mol C 4 H 10 


= 650 


mol O? 


(^air)theoreucai 


650 mol 0 2 

4.76 mol air 

h 

| mol O 2 


= 3094 


mol air 



146 Chapter 4 Fundamentals of Material Balances 


Hence 


If instead you had been given 61.6% excess air, you could have calculated the feed rate of air as 
(nair)fed = 1*616(/iai r )theo r eticaI = 1.616(3094 mol/h) = 5000 TTlOi/h. 


% excess air = - 3ir)fed (”a, r Wccai x 1Q0% = x 100% = 


(nair)theorelical 


3094 


61.6% 


Two points of confusion often arise in the calculation of theoretical and excess air, both of 
which are caused by ignoring the definitions of these terms. 

1. The theoretical air required to burn a given quantity of fuel does not depend on how much 
is actually burned. The fuel may not react completely, and it may react to form both CO 
and CO 2 , but the theoretical air is still that which would be required to react with all of 
the fuel to form CO 2 only. 

2 . The value of the percent excess air depends only on the theoretical air and the air feed rate, 
and not on how much O 2 is consumed in the reactor or whether combustion is complete or 
partial. 


TEST 

YOURSELF 
(Answers, p. 657) 


Methane burns in the reactions 

CH 4 + 20 2 — C0 2 + 2H 2 0 
CH 4 + \O z — CO + 2H 2 0 
One hundred mol/h of methane is fed to a reactor. 


1. What is the theoretical 0 2 flow rate if complete combustion occurs in the reactor? 

2. What is the theoretical 0 2 flow rate assuming that only 70% of the methane reacts? 
(Careful!) 

3. What is the theoretical air flow rate? 

4 . If 100% excess air is supplied, what is the flow rate of air entering the reactor? 

5. If the actual flow rate of air is such that 300 mol 0 2 /h enters the reactor, what is the percent 
excess air? 


CREATIVITY EXERCISES 


• 

Equipment 

Encyclopedia 

heat transfer— 
boilers 


1. Years ago it was common to operate boiler furnaces with air fed in 20% excess or more, 
while today improved boiler designs enable the use of 5-10% excess air. Cite as many 
possible negative consequences as you can think of for the air-to-fuel feed ratio being (a) 
too low and (b) too high. 

2. The costs of petroleum and natural gas have increased dramatically since the early 1970s, 
and there is some question about their continued long-term availability. List as many al¬ 
ternative energy sources as you can think of, being as creative as you can, and then go 
back and suggest possible drawbacks to each one. 


4.8c Material Balances on Combustion Reactors 

The procedure for writing and solving material balances for a combustion reactor is the same 
as that for any other reactive system. Bear in mind these points, however: 

1. When you draw and label the flowchart, be sure the outlet stream (the stack gas) includes 
(a) unreacted fuel unless you are told that all the fuel is consumed, (b) unreacted oxygen, 
(c) water and carbon dioxide, as well as carbon monoxide if the problem statement says 
any is present, and (d) nitrogen if the fuel is burned with air and not pure oxygen. 
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2. To calculate the oxygen feed rate from a specified percent excess oxygen or percent excess 
air (both percentages have the same value, so it doesn’t matter which one is stated), first 
calculate the theoretical O 2 from the fuel feed rate and the reaction stoichiometry for 
complete combustion, then calculate the oxygen feed rate by multiplying the theoretical 
oxygen by (1 + fractional excess oxygen). 

3. If only one reaction is involved, all three balance methods (molecular species balances, 
atomic species balances, extent of reaction) are equally convenient. If several reactions 
occur simultaneously, however—such as combustion of a fuel to form both CO and C0 2 — 
atomic species balances are usually most convenient. 


Combustion of Ethane 

Ethane is burned with 50% excess air. The percentage conversion of the ethane is 90%; of the ethane 
burned. 25 % reacts to form CO and the balance reacts to form CO 2 . Calculate the molar composition 
of the stack gas on a dry basis and the mole ratio of water to dry stack gas. 

Basis: 100 mol C 2 H 6 Fed 


100 mol CgHg 


50% excess air 
/i Q (mol) 

0.21 mol 0 2 /mol 
0.79 mol N^mol 


«j(mol C 2 H 6 ) 
n 2 (mol 0 2 ) 
/i 3 (mol N 2 ) 
n 4 (mol CO) 
n 5 (mol C0 2 ) 
n 6 (mol H 2 0) 


C 2 H s + |-0 2 —* 2C0 2 + 3H 2 0 
C 2 H 6 + -|o 2 - 2C0 + 3H 2 0 


Notes 

L Since no product stream mole fractions are known, subsequent calculations are easier if indi¬ 
vidual component amounts rather than a total amount and mole fractions are labeled. 

2 . The composition of air is taken to be approximately 21 mole% O 2 ,79 mole% N 2 . 

3. If the ethane reacted completely, n\ would be omitted. Since excess air is supplied, 0 2 must 
appear in the product stream. 

4. In material balance calculations on combustion processes it is reasonable to assume that nitro¬ 
gen is inert—that is, to neglect the trace amounts of NO, N0 2 , and N 2 O 4 (collectively referred 
to as NO*) that might form in the burner. On the other hand, in environmental impact stud¬ 
ies NO* may not automatically be neglected; trace amounts of nitrogen oxides may have little 
impact on the nitrogen balance but may have a significant polluting effect if they are released 
into the atmosphere. 

Degree-of-Freedom Analysis 

7 unknowns (no, n t ,..., n 6 ) 

- 3 atomic balances (C, H, O) 

- I N 2 balance 

- 1 excess air specification (relates n 0 to the quantity of fuel fed) 

- 1 ethane conversion specification 

- 1 CO/C0 2 ratio specification 


= 0 degrees of freedom 
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50% Excess Air 


(^Oj theoretical — ■ 


100 mol C 2 H 6 

3.50 mol 0 2 

1 

1 mol C 2 H 6 


= 350 mol 0 2 


|^50% excess air 

0.21« 0 = 1.50(350 mol 0 2 ) => n 0 = 2500 mol air fed 
90% Ethane Conversion: ( =3> 10% unreacted) 

«1 = 0.100(100 mol C 2 H 6 fed) = I 


10.0 mol 


0.900(100 mol C 2 H 6 fed) = 90.0 mol C 2 H 6 react 


25% Conversion to CO 


(0.25 x 90.0) mol C 2 H« react to form CO 

2 mol CO generated 


1 mol C 2 H 6 react 


45.0 mol CO 


Nitrogen Balance: 


output = input 

n 3 = 0.79(2500 mol) = 


1975 mol N 2 


Atomic Carbon Balance: input = output 


100 mol C 2 H6 

2 mol C ttj(mol C 2 H&) 

2 mol C ^ « 4 (mol CO) 

1 mol C 


1 mol C 2 H 6 

1 moi C 2 H« 

1 mol CO 


n 5 (mol C0 2 ) 

1 mol C 


1 mol C0 2 


= 10 mol 
/i 4 = 45 mol 


n$ = 135 mol C0 2 


Atomic Hydrogen Balance: input = output 


100 mol C 2 H 6 

6 mol H _10molC 2 H 6 

6 mol H «6(mol H 2 0) 

2 mol H 


1 mol C 2 H 6 

1 mol C 2 H 6 

1 mol H 2 0 


I 


n 6 - 270molH 2 O I 


Atomic Oxygen Balance: input = output 


525 mol 0 2 

2 mol O _ n 2 (mol 0 2 ) 

2 mol O 45 mol CO 

1 mol O 


1 mol 0 2 

1 mol 0 2 

1 mol CO 


135 mol C0 2 | 

2 mol O 270 mol H 2 0 

1 mol O 


1 mol C0 2 

1 mol H 2 0 


a 


« 2 = 232 mol 0 2 
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The analysis of the stack gas is now complete. Summarizing: 


n t = 

10 

mol 

c 2 h 6 

n 2 = 

232 

mol 

0 2 

n 3 = 

1974 

mol 

n 2 

n 4 = 

45 

mol 

CO 

n 5 ~ 

135 

mol 

co 2 


2396 

mol 

dry gas 

+ng = 

270 

mol 

H 2 0 


2666 

mol 

total 


Hence the stack gas composition on a dry basis is 


yi = 


y 2 = 


ys = 


10 mol C 2 H„ 
2396 mol dry gas 
232 mol 0 2 
2396 mol dry gas 
1974 mol N 2 
2396 mol dry gas 
45 mol CO 
2396 mol dry gas 
135 mol CO; 
2396 mol dry gas 


and the mole ratio of water to dry stack gas is 

270 mol H 2 Q 
2396 mol dry stack gas 


= 0.00417 


mol C 2 H 6 


= 0.0970 


mol 
mol Oi 


= 0.824 


= 0.019 


= 0.0563 


mol 
mol N 2 
mol 

mol CO 
mol 

mol CO z 


mol 


= 0.113 


mol H 2 0 


mol dry stack gas 


If a fuel of unknown composition is burned, you may be able to deduce something about 
its composition by analyzing the combustion products and writing and solving atomic species 
balances. The procedure is illustrated in the next example. 

EXAMPLE 4.8-4i Combustion of a Hydrocarbon Fuel of Unknown Composition 


SOLUTION 


A hydrocarbon gas is burned with air. The dry-basis product gas composition is 1.5 mole% CO, 6.0% 
CO 2 ,8.2% O 2 , and 84.3% Nj. There is no atomic oxygen in the fuel. Calculate the ratio of hydrogen 
to carbon in the fuel gas and speculate on what the fuel might be. Then calculate the percent excess 
air fed to the reactor. 


Basis: 100 mol Product Gas 

Since the molecular composition of the fuel is unknown, we label its atomic species composition. We 
also recognize that since the fuel is a hydrocarbon, water must be one of the combustion products. 


nc(mol C) 
n H {mol H) 

«,,{mol air) 

0.21 mol 0 2 /mol 
0.79 mol N^mol 


100 mol dry gas 
0.015 mol CO/mol dry gas 
0.060 mol C0 2 /mol dry gas 
0.082 mol 0 2 /mol dry gas 
_ 0.843 mol N 2 /mol dry gas 
fl w (mol H 2 0) 
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4.9 SOME ADDITIONAL CONSIDERATIONS 
ABOUT CHEMICAL PROCESSES 

The methods we present in this chapter and the rest of the text are applied universally in the 
chemical process industry. There are several features of industrial processes that tend not to 
show up in textbooks, however. You will find out about them as soon as you go to work as a 
chemical engineer, but it could be helpful to know about them in advance. 

• Textbook processes always work the way they are designed to work. In practice, unexpected 
occurrences are common, especially when processes are first run. 

• Textbook process variables are measured with relatively high precision. In practice, every 
measurement introduces an error. 

• The invisible people who run textbook processes never do anything wrong. Real process 
operators and managers, being human, sometimes make mistakes. 

• In textbooks you always have exactly the data you need to determine what you want to know, 
no matter how complex the problem may be. In practice, you may not have ail the data vou 
need and may find it necessary to use approximate correlations and make assumptions based 
on common sense and experience. 

• In textbooks, the closure of every steady-state material balance [defined as (output/input) x 
100%] is 100%. In practice, measurement imprecision and inaccurate assumptions may lead 
to closures that differ—possibly significantly—from 100%. Also, in practice there is no such 
thing as true steady state: variable values always fluctuate or drift to some extent. 

• Textbook problems usually have one and only one correct answer, and your job is to follow 
prescribed procedures to determine it. In practice you may have trouble even defining what 
the real problem is, and once you have defined it you can usually find a variety of solutions, 
each of which has advantages and disadvantages. Making the choice involves considerations 
of technological capability, short-range profit, long-range profit, safety, environmental pro¬ 
tection, and ethics. Textbooks provide little help with this type of problem. 

Since our purpose in this text is to help you to develop skills in certain basic methods of 
chemical process analysis, we have intentionally omitted most of the complicating factors that 
can make industrial processes so difficult to manage. Once you have mastered the basics, vou 
can start learning how to adjust for the complications. 


EXAMPLE14S-U Material Balances in Process Design and Process Operation 


9 

Equipment 

Encyclopedia 

condenser 


Methyl ethyl ketone (MEK) is to be recovered from a gas mixture containing 20.0 mole% MEK and 
80.0 mole% N 2 at 85°C and 3.5 atm. In a proposed process design, a stream of this mixture is fed 
to a condenser at a rate of 500 L/s and is cooled at constant pressure, causing most of the MEK to 
condense. 


vapor eniuent 


Feed 

5001/s 


7TC), 3.5 atm 

20 mole% MEK(vapor) 

80 mole% N, 

| 


SS’C, 3.5 atm |_ 

Liquid condensate 


MEK(liquid) 


The design engineer (a) converts the volumetric flow rate of the feed stream to a molar flow rate 
using the ideal gas equation of state, an approximate relationship between the pressure, temperature, 
volumetric flow rate, and molar flow rate of a gas (Chapter 5); (b) specifies a condenser tempera¬ 
ture of 15°C; (c) calculates the mole fraction of MEK in the vapor product using Raoult's law —an 
approximate relationship between the compositions of liquid and vapor phases in equilibrium with 
each other at a specified temperature and pressure (Chapter 6); and (d) calculates the molar flow 
rates of the vapor and liquid products from nitrogen and MEK balances (input = output). The 
results follow. 
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SOLUTION 


( 48.7 mol/s) 


Variables 
*** specified 
(***) calculated 


Values without parentheses are specified quantities and those with parentheses are calculated. 

A condenser is then installed and run at the design temperature and pressure. The volumetric flow 
rates of the feed stream and the vapor and liquid product streams are measured with rotameters (see 
p. 46), and the MEK mole fractions in the feed and vapor effluent streams are measured with a gas 
chromatograph. The feed stream flow rate is set to 500 liters/s and enough time is allowed to pass for 
the product stream rotameter readings to reach steady levels. The feed and product gas flow rates 
are then converted to molar flow rates using the ideal gas equation of state, and the product liquid 
flow rate is converted to a molar flow rate using a tabulated MEK density and the molecular weight 
of MEK. Here are the results. 


500 Us 

(59.6 mol/s) _ 

0.200 mol MEK/mol 
0.800 mol Nj/mol 
85°C, 3.5 atm 


L Calculate the MEK balance closures for the condenser design and the experimental condenser. 
2. List possible reasons for the differences between the design predictions and the experimental 
values of the output stream variables and for the failure of the experimental system balance to 
close. 


326 Us 
(48.3 mol/s) 

0,063 mol MEK/mol 

0.937 mol N 2 /mol Vafiables 

15-C, 3.5 atm ~ 

measured 
(*’*> calculated 

0.570 Us _ 

6.4 mol MEK(l}/s 


500 Us 
(59.6 mol/s) 


0.200 mol MEK/mol 
0.800 mol Nj/mol 
85°C, 3.5 atm 



(0.021 mol MEK/mol) 
(0.979 mol Nj/mol) 
15 3 C, 3.5 atm 


(10.9 mol MEK(l)/s) 


1. Material balance closures. 


Design 


MEK in = 


MEK out = 

Ji 


(59.6 mol/s)(0.200 mol MEK/mol) = 11.9 mol MEK/s 

(48.7 mol/s)(0.021 mol MEK/mol) + 10.9 mol MEK/s = 11.9 mol MEK/s 


Closure = 


MEK out 
MEK in 


x 100% 


11.9 mol/s 
11.9 mol/s 


x 100% 


The nitrogen balance closure is also 100% (verify). 


100% closure 


Experiment 


MEK in = 


MEK out = 

I 


(59.6 mol/s)(0.200 mol MEK/mol) = 11.9 mol MEK/s 

(48.3 mol/s)(0.063 mol MEK/mol) + 6.4 mol MEK/s = 9.44 mol MEK/s 


Closure =^^ix 100% = 944 mol/ 


MEK in v 11.9 moi 
The nitrogen balance closure is 95% (verify). 


X 100% = 79% closure 


2. Possible reasons for differences between design values and experimental values. 


• Human errors, instrument errors, and random data scatter. Plant or laboratory personnel 
are responsible for setting and maintaining the process operating conditions, reading the 
feed and product stream flowmeters, and drawing samples of the product gas and analyzing 
them. Any error that any of these individuals makes could lead to errors in measured variable 
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values and values calculated from them. Moreover, any measured value (e.g., an input or out¬ 
put stream volumetric flow rate, the mole fraction of MEK in the feed or vapor product stream, 
any stream temperature or pressure) is subject to errors due to a faulty instrument (e.g., a mal¬ 
functioning or pooriy calibrated flowmeter or gas chromatograph) or random data scatter. 

• Impurities in the feed. The design calculations were based on an assumption that the feed 
contains only MEK vapor and nitrogen. Impurities present in the feed could react with the 
MEK, or they could condense and affect the vapor-liquid equilibrium distribution of MEK 
in the products. 

• Incorrect assumption of steady state. Closure should be expected only after the system 
reaches steady state, so that input = output. In the experimental run, steady state was 
declared when the operator could no longer see changes in the outlet stream rotameter 
readings. It is possible that the flow rates were still changing but the rotameter was not 
sensitive enough to show the changes. It is also possible that MEK was still accumulating in 
the system—for example, by adsorbing on the container walls—and much more time would 
be required for the buildup to be complete. 

• Incorrect assumption that MEK is not reactive. If MEK undergoes a reaction in the 
system—decomposition, for example, or reaction with something on the reactor wall—then 
input = output + consumption. The output would then necessarily be less than the input 
and the balance would not close. 

• Errors due to approximations in the experimental data analysis. Several potential errors 
were introduced when the measured volumetric flow rates were converted to molar flow 
rates. Volumetric gas flow rates were converted using the ideal gas equation of state, which 
is approximate, and the volumetric liquid flow rate was converted using a tabulated density 
that may not have been measured at the system temperature. Also, the fact that a physical 
property value has been published is no guarantee that it is correct. 

• Approximations in the design analysis. Like the ideal gas equation of state, Raoult’s law is 
an approximation that may be excellent or seriously in error, depending on the experimental 
process conditions. 

There are other possibilities, but you get the idea. The point is that no matter how carefully you 
design a process, you cannot predict exactly what the real process will do. Approximations and as¬ 
sumptions must be made for every process design; closures on real process material balances are 
never exactly 100%; nothing can be measured with complete accuracy; and everyone sometimes 
makes mistakes. 

Experienced design engineers know these things and account for them with overdesign factors. If 
they calculate that they need a 2500-liter reactor, they might order a 3000-liter or 3500-liter reactor to 
make sure they have enough reactor capacity to meet both current and anticipated product demands. 
The more uncertainties in the design or the projected product demand, the greater the overdesign. 
A large part of what engineers do involves reducing the uncertainties and thus lowering the required 
overdesign, resulting in major reductions in equipment purchase and maintenance costs. _ 


4.10 SUMMARY 

Every chemical process analysis involves writing and solving material balances to account for 
all process species in feed and product streams. This chapter outlines and illustrates a systematic 
approach to material balance calculations. The procedure is to draw and label a flowchart, 
perform a degree-of-freedom analysis to verify that enough equations can be written to solve 
for all unknown process variables, and write and solve the equations. 

• The general balance equation is 

input + generation - output — consumption = accumulation 

A differential balance applies to an instant of time and each term is a rate (mass/time or 
moles/time). An integral balance applies to a time interval and each term is an amount (mass 
or moles). Balances may be applied to total mass, individual species, or energy. (They may 
also be applied to momentum, but we will not consider momentum balances in this text.) 
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• For a differential balance on a continuous process (material flows in and out throughout 
the process) at steady-state (no process variables change with time), the accumulation term 
in the balance (the rate of buildup or depletion of the balanced species) equals zero. For an 
integral balance on a batch process (no material flows in or out during the process), the input 
and output terms equal zero and accumulation = initial input - final output. In both cases, 
the balance simplifies to 

input + generation = output + consumption 

If the balance is on total mass or on a nonreactive species, the equation simplifies further to 

input = output 

• A process stream on a flowchart is completely labeled if values or variable names are as¬ 
signed to one of the following sets of stream variables: (a) total mass flow rate or total mass 
and component mass fractions; (b) mass flow rates or masses of each stream component; (c) 
total molar flow rate or total moles and component mole fractions; and (d) molar flow rates 
or moles of each stream component. If a total amount or flow rate or one or more component 
fractions are known for a stream, use (a) or (c) to incorporate the known values into the label- 
ing. If neither the total nor any fractions are known, using (b) or (d) (component amounts or 
flow rates) often leads to easier algebra. Volumetric quantities should be labeled only if they 
are either given or requested in the problem statement. A flowchart is completely labeled if 
every stream is completely labeled. 

• A basis of calculation for a process is an amount or flow rate of one of the process streams. If 
two or more stream flow rates or amounts are given in the problem statement, they constitute 
the basis of calculation. If one is given, it may be assumed as a basis but it may also be 
convenient to assume another basis and then scale the flowchart to the specified value. If no 
flow rates or amounts are given, assume one as a basis, preferably an amount of a stream 
with known composition. 

• To perform a degree-of-freedom analysis on a single-unit nonreactive process, count un¬ 
known variables on the flowchart, then subtract independent relations among them. The 
difference, which equals the number of degrees of freedom for the process, must equal zero 
for a unique solution of the problem to be determinable. Relations include material balances 
(as many as there are independent species in the feed and product streams), process specifi¬ 
cations, density relations between labeled masses and volumes, and physical constraints (e.g., 
the sum of the component mass or mole fractions of a stream must add up to 1.) 

• To perform a degree-of-freedom analysis on a multiple-unit process, perform separate anal¬ 
yses on the overall process, each process unit, each stream mixing or stream splitting point, 
and, if necessary, on combinations of process units. When you find a system with zero de¬ 
grees of freedom, assume that you can solve for the unknown variables in the feed and out¬ 
put streams for that system; then, considering those variables as known, try to find another 
system with zero degrees of freedom. This procedure helps you to find an efficient solution 
procedure before you undertake time-consuming calculations. 

• Once you have written the system equations for a process, you may solve them either manu¬ 
ally or using an equation-solving computer program. If you solve system equations manually, 
write them in an order that minimizes the number that must be solved simultaneously, starting 
with equations that only involve one unknown variable. 

• Recycle is a common feature of chemical processes. Its most common use is to send unused 
raw materials emerging from a process unit back to the unit. Overall system balances are usu¬ 
ally (but not always) convenient starting points for analyzing process with recycle. A purge 
stream is withdrawn from a process when a species enters in the process feed and is com¬ 
pletely recycled. If this species were not removed in the purge, it would keep accumulating 
in the process system and eventually lead to shutdown. 

• The limiting reactant in a reactive process is the one that would be completely consumed if 
the reaction proceeded to completion. Ail other reactants must either be fed in stoichiometric 
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PROBLEMS 4.1. 


4.2. 


proportion to the limiting reactant (the feed rates are in the ratio of the stoichiometric co¬ 
efficients) or in excess of the limiting reactant (in greater than stoichiometric proportion 
to it). 

• The theoretical requirement for an excess reactant is the amount required to react completely 
with the limiting reactant. The percentage excess of the reactant is 

_ amount fed - amount theoretically required 
amount theoretically required 

The percentage excess depends only on the feed rates of the excess and limiting reactants 
and on their stoichiometric coefficients; it does not depend on how much actually reacts or 
on anything else that happens in the reactor. 

• The fractional conversion of a reactant is the ratio of amount reacted to amount fed. The 
fractional conversions of different reactants are generally different unless the reactants are 
fed in stoichiometric proportion. 

• The extent of reaction, | (or £ for a continuous process), is a species-independent quantity 
that satisfies the equation 

n t = fl*o + v & or = « r o + *'if 

where n iQ (h i0 ) is the number of moles (molar flow rate) of species i in the feed to the re¬ 
actor, ni (hj) is the number of moles (molar flow rate) of species i in the stream leaving the 
reactor, and v-, is the stoichiometric coefficient of species i (negative for reactants, positive 
for products, and zero for nonreactive species). The units of £ (f) are the same as those of 
n ( h ). If you know the inlet and outlet amounts or flow rates of any reactive species, you 
can determine £ or £ by applying this equation to that species. You may then substitute the 
calculated value into the equations for the other species in the stream leaving the reactor to 
determine the amounts or flow rates of those species. 

• You may analyze reactive processes using (a) molecular species balances (the only method 
used for nonreactive processes), (b) atomic species balances, or (c) extents of reaction. Molec¬ 
ular species balances on reactive processes are often cumbersome: they must include gener¬ 
ation and consumption terms for each species, and one degree of freedom must be added 
for each independent reaction. Atomic species balances have the simple form input = out¬ 
put and are usually more straightforward than either of the other two methods. Extents of 
reaction are particularly convenient for reaction equilibrium calculations. 

• Combustion is a rapid reaction between a fuel and oxygen. The carbon in the fuel is oxidized 
to CO2 (complete combustion) or CO (partial combustion) and the hydrogen in the fuel 
is oxidized to water. Other species in the fuel like sulfur and nitrogen may be partially or 
completely converted to their oxides. Combustion reactions are carried out commercially 
either to generate heat or to consume waste products. 

Note: This would be a good time to work through Interactive Tutorial #3. In the problems that 
follow, you can use E-Z Solve to solve sets of equations quickly. 

Water enters a 2.00-m 3 tank at a rate of 6.00 kg/s and is withdrawn at a rate of 3.00 kg/s. The tank is 
initially half full. 

(a) Is this process continuous, batch, or semibatch? Is it transient or steady state? 

(b) Write a mass balance for the process (see Example 4.2-1). Identify the terms of the general 
balance equation (Equation 4.2-1) present in your equation and state the reason for omitting 
any terms. 

(c) How long will the tank take to overflow? 

A liquid-phase chemical reaction A -* B takes place in a well-stirred tank. The concentration of 
A in the feed is C A0 (moi/m 3 ), and that in the tank and outlet stream is C A (mol/m 3 ). Neither con¬ 
centration varies with time. The volume of the tank contents is V (m 3 ) and the volumetric flow rate 
of the inlet and outlet streams is v (m 3 /s). The reaction rate (the rate at which A is consumed by 
reaction in the tank) is given by the expression 

r(mol A consumed/s) = kVC A 


where k is a constant. 
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evaporator 


v(m 3 /s) 



(a) Is this process continuous, batch, or semibatch? Is it transient or steady-state? 

(b) What would you expect the reactant concentration C A to equal if k = 0 (no reaction)? What 
should it approach if k -* =» (infinitely rapid reaction)? 

(c) Write a differential balance on A, stating which terms in the general balance equation 
( accumulation = input + generation — output — consumption) you discarded and why you 
discarded them. Use the balance to derive the following relation between the inlet and outlet 
reactant concentrations: 

r - Cap 
A 1+ kV/i 

Verify that this relation predicts the results in part (b). 

4.3. A liquid mixture of benzene and toluene contains 55.0% benzene by mass. The mixture is to be 
partially evaporated to yield a vapor containing 85.0% benzene and a residual liquid containing 
10.6% benzene by mass. 

(a) Suppose the process is to be carried out continuously and at steady state, with a feed rate of 100.0 
kg/h of the 55% mixture. Let m v (kg/h) and mi(kg/h) be the mass flow rates of the vapor and liquid 
product streams, respectively. Draw and label a process flowchart, then write and solve balances 
on total mass and on benzene to determine the expected values of m v and m { . For each bal¬ 
ance, state which terms of the general balance equation ( accumulation — input + generation - 
output - consumption) you discarded and why you discarded them. (See Example 4.2-2.) 

(b) Next, suppose the process is to be carried out in a dosed container that initially contains 100.0 kg 
of the liquid mixture. Let m v (kg) and mi(kg) be the masses of the final vapor and liquid phases, 
respectively. Draw and label a process flowchart, then write and solve integral balances on total 
mass and on benzene to determine m y and m\. For each balance, state which terms of the general 
balance equation ( accumulation = input + generation — output - consumption) you discarded 
and why you discarded them. 

(c) Returning to the continuous process, suppose the evaporator is built and started up and the 
product stream flow rates and compositions are measured. The measured percentage of benzene 
in the vapor stream is 85% and the product stream flow rates have the values calculated in part 
(a), but the liquid product stream is found to contain 7% benzene instead of 10.6%. One possible 
explanation is that a mistake was made in the measurement. Give at least five others. [Think 
about assumptions you made in obtaining the solution of part (a).] 

4.4. Draw and label the given streams and derive expressions for the indicated quantities in terms of 
labeled variables. The solution of part (a) is given as an illustration. 

(a) A continuous stream contains 40.0 mole% benzene and the balance toluene. Write expressions 
for the molar and mass flow rates of benzene, /i B (mol QH 6 /s) and m B (kg C 6 H 6 /s), in terms of 
the total molar flow rate of the stream, n(mol/s). 

Solution 

n(mol/s) 


0.400 mol CftfVmol 
0.600 mol C 7 H 8 /mol 




0.400n(moi C 6 H 6 /s) 


mg 


0.400n(mol C 6 H 6 ) 

78.1 g C 6 Hfj 


mol 


31.2«(g QHo/s) 
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(b) The feed to a batch process contains equimolar quantities of nitrogen and methane. Write an 
expression for the kilograms of nitrogen in terms of the total moles «(moi) of this mixture. 

(c) A stream containing ethane, propane, and butane has a mass flow rate of 100.0 g/s. Write an 
expression for the molar flow rate of ethane, n E (lb-mole QH^/h), in terms of the mass fraction 
of this species, x E . 

(d) A continuous stream of humid air contains water vapor and dry air, the latter containing ap¬ 
proximately 21 mole% 0 2 and 79% N 2 . Write expressions for the molar flow rate of 0 2 and 
for the mole fractions of H 2 0 and 0 2 in the gas in terms of (lb-mole H 2 0/s) and n 2 (ib-mole 
dry air/s). 

(e) The product from a batch reactor contains NO, N0 2 , and N 2 0 4 . The mole fraction of NO is 
0.400. Write an expression for the gram-moles of N 2 0 4 in terms of n(mol mixture) and v NO _ (mol 
N0 2 /moi). 

4.5. (a) Draw a flowchart for the catalytic dehydrogenation of propane from the description of this pro¬ 
cess that begins Section 4.3a. Label all feed, product, and connecting streams between units. 

(b) Write clear statements of the overall objective of the process and the functions of each of the 
process units (the preheater, the reactor, the absorption and stripping towers, and the distillation 
column). 

4.6. A distillation column is a process unit in which a feed mixture is separated by multiple partial vapor¬ 
izations and condensations to form two or more product streams. The overhead product stream is 
rich in the most volatile components of the feed mixture (the ones that vaporize most readily), and 
the bottom product stream is rich in the least volatile components. 

The following flowchart shows a distillation column with two feed streams and three product 
streams: 


m^kg/h) 

0 . 03 'k'gB/kg 

0.97 kg C/kg 


5300 kg/h 


jr 2 (kg A/kg) 
y 2 (kg B/kg) 


m 3 {kg A/h) 


1200 kg/h 

0.70 kg A/kg 
y 4 {kg B/kg) 
: 4 (kg C/kg) 


m 5 {kg/h) 
0.60 kg B/kg 
0.40 kg C/kg 


(a) How many independent material balances may be written for this system? 

(b) How many of the unknown flow rates and/or mole fractions must be specified before the others 
may be calculated? (See Example 4.3-4. Also, remember what you know about the component 
mole fractions of a mixture—for example, the relationship between x 2 and y 2 .) Briefly explain 
your answer. 

(c) Suppose values are given for rh\ and x 2 . Give a series of equations, each involving only a single 
unknown, for the remaining variables. Circle the variable for which you would solve. (Once a 
variable has been calculated in one of these equations, it may appear in subsequent equations 
without being counted as an unknown.) 

4.7. Liquid extraction is an operation used to separate the components of a liquid mixture of two or more 
species. In the simplest case, the mixture contains two components: a solute (A) and a liquid solvent 
(B). The mixture is contacted in an agitated vessel with a second liquid solvent (C) that has two key 
properties: A dissolves in it, and B is immiscible or nearly immiscible with it. (For example, B may 
be water, C a hydrocarbon oil, and A a species that dissolves in both water and oil.) Some of the A 
transfers from B to C, and then the B-rich phase (the raffinate) and the C-rich phase (the extract) 
separate from each other in a settling tank. If the raffinate is then contacted with fresh C in another 
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stage, more A will be transferred from it. This process can be repeated until essentially all of the A 
has been extracted from the B. 

Shown below is a flowchart of a process in which acetic acid (A) is extracted from a mixture of 
acetic acid and water (B) into 1-hexanol (C), a liquid immiscible with water. 


m c (g C 6 H !3 QH/min) g/min) 



(a) What is the maximum number of independent material balances that can be written for this 
process? 

(b) Calculate me, me, and m R , using the given mixture feed rate as a basis and writing balances in 
an order such that you never have an equation that involves more than one unknown variable. 

(c) Calculate the difference between the amount of acetic acid in the feed mixture and that in the 
0.5% mixture, and show that it equals the amount that leaves in the 9.6% mixture. 

(d) Acetic acid is relatively difficult to separate completely from water by distillation (see Problem 
4.6) and relatively easy to separate from hexanol by distillation. Sketch a flowchart of a two-unit 
process that might be used to recover nearly pure acetic acid from an acetic acid-water mixture. 

4.8. Eggs are sorted into two sizes (large and extra large) at the Cheerful Chicken Dairy. Unfortunately, 
business has not been good lately, and since the Cheerful Chicken’s 40-year-old egg-sorting machine 
finally gave up the ghost there have been no funds available to replace it. Instead, Old Fred, one of 
the firm’s sharper-eyed employees, has been equipped with a “Large” rubber stamp in his right hand 
and an “X-large” stamp in his left and assigned to stamp each egg with the appropriate label as it 
goes by on the conveyor belt. Down the line, another employee puts the eggs into either of two 
hoppers, each egg according to its stamp. The system works reasonably well, all things considered, 
except that Old Fred has a heavy hand and on the average breaks 30% of the 120 eggs that pass 
by him each minute. At the same time, a check of the “X-large” stream reveals a flow rate of 70 
eggs/min, of which 25 eggs/min are broken. 

(a) Draw and label a flowchart for this process. 

(b) Write and solve balances about the egg sorter on total eggs and broken eggs. 

(c) How many “large” eggs leave the plant each minute, and what fraction of them are broken? 

(d) Is Old Fred right- or left-handed? 

4.9. Strawberries contain about 15 wt% solids and 85 wt% water. To make strawberry jam, crushed 
strawberries and sugar are mixed in a 45:55 mass ratio, and the mixture is heated to evaporate water 
until the residue contains one-third water by mass. 

(a) Draw and label a flowchart of this process. 

(b) Do the degree-of-freedom analysis and show that the system has zero degrees of freedom (i.e., 
the number of unknown process variables equals the number of equations relating them). If you 
have too many unknowns, think about what you might have forgotten to do. 

(c) Calculate how many pounds of strawberries are needed to make a pound of jam. 

4.10. Three hundred gallons of a mixture containing 75.0 wt% ethanol (ethyl alcohol) and 25% water 
(mixture specific gravity = 0.877) and a quantity of a 40.0 wt% ethanol-60% water mixture (SG = 
0.952) are blended to produce a mixture containing 60.0 wt% ethanol. The object of this problem is 
to determine V40, the required volume of the 40% mixture. 

(a) Draw and label a flowchart of the mixing process and do the degree-of-freedom analysis. 

(b) Calculate V w . 

4.11. If the percentage of fuel in a fuel-air mixture falls below a certain value called the lower flammability 
limit (LFL), the mixture cannot be ignited. For example, the LFL of propane in air is 2.05 mole% 
C 3 H 8 . If the percentage of propane in a propane-air mixture is greater than 2.05 mole%, the gas 
mixture can ignite if it is exposed to a flame or spark; if the percentage is lower than the LFL, the 
mixture will not ignite. (There is also an upper flammability limit, which for propane in air is 11.4%.) 
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A mixture of propane in air containing 4.03 mole% C 3 H 8 {fuelgas) is the feed to a combustion 
furnace. If there is a problem in the furnace, a stream of pure air (dilution air) is added to the fuel 
mixture prior to the furnace inlet to make sure that ignition is not possible. 

(a) Draw and label a flowchart of the fuel gas-dilution air mixing unit, presuming that the gas en¬ 
tering the furnace contains propane at the LFL, and do the degree-of-freedom analysis. 

(b) If propane flows at a rate of 150 mol C 3 H 8 /s in the original fuel-air mixture, what is the minimum 
molar flow rate of the dilution air? 

(c) How would the actual dilution air feed rate probably compare with the value calculated in part 
(b)? (>, <, =) Explain. 

4.12. One thousand kilograms per hour of a mixture containing equal parts by mass of methanol and water 
is distilled. Product streams leave the top and the bottom of the distillation column. The flow rate of 
the bottom stream is measured and found to be 673 kg/h, and the overhead stream is analyzed and 
found to contain 96.0 wt% methanol. 

(a) Draw and label a flowchart of the process and do the degree-of-freedom analysis. 

(b) Calculate the mass and mole fractions of methanol and the molar flow rates of methanol and 
water in the bottom product stream. 

(c) Suppose the bottom product stream is analyzed and the mole fraction of methanol is found to 
be significantly higher than the value calculated in part (b). List as many possible reasons for 
the discrepancy as you can think of. Include in your list possible violations of assumptions made 
in part (b). 

4.13. A pharmaceutical product, P, is made in a batch reactor. The reactor effluent goes through a purifi¬ 
cation process to yield a final product stream and a waste stream. The initial charge (feed) to the 
reactor and the final product are each weighed, and the reactor effluent, final product, and waste 
stream are each analyzed for P. The analyzer calibration is a series of meter readings, R. correspond¬ 
ing to known mass fractions of P, xp. 


Xp 

0.08 

0.16 

0.25 

0.45 

R 

105 

160 

245 

360 | 


(a) Plot the analyzer calibration data on logarithmic axes and determine an expression for x P (R). 

(b) The data sheet for one run is shown below: 

Batch #: 23601 Date: 10/4 
Mass charged to reactor: 2253 kg 
Mass of purified product: 1239 kg 
Reactor effluent analysis: R = 388 
Final product analysis: R = 583 
Waste stream analysis: R = 140 

Calculate the mass fractions of P in all three streams. Then calculate the percentage yield of the 
purification process, 

„ kg P in final product _ 

Y P = -- x 100% 

kg P m reactor effluent 

(c) You are the engineer in charge of the process. You review the given run sheet and the calculations 
of part (b), perform additional balance calculations, and realize that all of the recorded run data 
cannot possibly be correct. State how you know, itemize possible causes of the problem, state 
which cause is most likely, and suggest a step to correct it. 

4.14. A stream of humid air containing 1,00 mole% H 2 0(v) and the balance dry air is to be humidified to 
a water content of 10.0 moie% H?0. For this purpose, liquid water is fed through a flowmeter and 
evaporated into the air stream. The flowmeter reading, R, is 95. The only available calibration data 
for the flowmeter are two points scribbled on a sheet of paper, indicating that readings R = 15 and 
R — 50 correspond to flow rates V = 40.0 ft 3 /h and V = 96.9 ft 3 /h, respectively. 

(a) Assuming that the process is working as intended, draw and label the flowchart, do the 
degree-of-freedom analysis, and estimate the molar flow rate (lb-mole/h) of the humidified 
(outlet) air. 
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(b) Suppose the outlet air is analyzed and found to contain only 7% water instead of the desired 
10%, List as many possible reasons as you can think of for the discrepancy, concentrating on 
assumptions made in the calculation of part (a) that might be violated in the real process. 

4.15. A liquid mixture contains 60.0 wt% ethanol (E), 5.0 wt% of a dissolved solute (S), and the bal¬ 
ance water. A stream of this mixture is fed to a continuous distillation column operating at steady 
state. Product streams emerge at the top and bottom of the column. The column design calls for the 
product streams to have equal mass flow rates and for the top stream to contain 90,0 wt% ethanol 
and no S. 

(a) Assume a basis of calculation, draw and fully label a process flowchart, do the degree-of-freedom 
analysis, and verify that all unknown stream flows and compositions can be calculated. (Don’t 
do any calculations yet.) 

(b) Calculate (i) the mass fraction of S in the bottom stream and (ii) the fraction of the ethanol in 
the feed that leaves in the bottom product stream (i.e., kg E in bottom stream/kg E in feed) if 
the process operates as designed. 

(c) An analyzer is available to determine the composition of ethanol-water mixtures. The calibra¬ 
tion curve for the analyzer is a straight line on a plot on logarithmic axes of mass fraction of 
ethanol, x(kg E/kg mixture), versus analyzer reading, R. The line passes through the points 
(R — 15, x = 0.100) and (R = 38, x = 0.400). Derive an expression for x as a function of 
R (x = **■) based on the calibration, and use it to determine the value of R that should be 
obtained if the top product stream from the distillation column is analyzed. 

(d) Suppose a sample of the top stream is taken and analyzed and the reading obtained is not the 
one calculated in part (c). Assume that the calculation in part (c) is correct and that the plant 
operator followed the correct procedure in doing the analysis. Give five significantly different 
possible causes for the deviation between R mei SU r e d and /? pre dicted. including several assumptions 
made when writing the balances of part (c). For each one, suggest something that the operator 
could do to check whether it is in fact the problem. 

4.16. Two aqueous sulfuric acid solutions containing 20.0 wt% H 2 S0 4 (SG = 1.139) and 60.0 wt% H 2 S0 4 
(SG = 1.498) are mixed to form a 4.00 molar solution (SG = 1.213). 

(a) Calculate the mass fraction of sulfuric acid in the product solution. 

(b) Taking 100 kg of the 20% feed solution as a basis, draw and label a flowchart of this process, 
labeling both masses and volumes, and do the degree-of-freedom analysis. Calculate the feed 
ratio (liters 20% solution/liter 60% solution). 

(c) What feed rate of the 60% solution (L/h) would be required to produce 1250 kg/h of the product? 

4.17. A paint mixture containing 25.0% of a pigment and the balance water sells for $18.0G/kg, and a 
mixture containing 12.0% pigment sells for $10.00/kg. If a paint retailer produces a blend containing 
17.0% pigment, for how much ($/kg) should it be sold to yield a 10% profit? 

4.18. Wet sugar that contains one-fifth water by mass is conveyed through an evaporator in which 85.0% 
of the entering water is vaporized. 

(a) Taking a basis of 100 kg feed, calculate (i) rw, the mass fraction of water in the wet sugar leaving 
the evaporator, and (ii) the ratio (kg H 2 0 vaporized/kg wet sugar leaving the evaporator). 

(b) If 1000 tons/day of wet sugar is fed to the evaporator, how much additional water must be re¬ 
moved from the outlet sugar to dry it completely, and what annual revenue can be expected if 
dry sugar sells for $0.15/lb m ? 

(c) The evaporator is built to achieve the production rate of part (b), installed, and started up, and 
the water content of the partially dried sugar is measured on successive days of operation. The 
results follow. 


Day 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

Xw 

.0513 

.0486 

.0500 

.0507 

.0541 

.0498 

.0512 

.0474 

.0511 

.0494 


In subsequent runs, the evaporator is to be shut down for maintenance if x w falls more than 
three standard deviations from the mean of this series of runs. Calculate the endpoints of this 
range. 

(d) Considering the results of parts (a) and (c) together, what can you conclude about the recently 
installed evaporator? 
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4.19. A sedimentation process is to be used to separate pulverized coal from slate. A suspension of finelv 
divided particles of galena (lead sulfide. SG = 7.44) in water is prepared. The overall specific gravity 
of the suspension is 1.48. 

(a) Four hundred kilograms of galena and a quantity of water are loaded into a tank and stirred 
to obtain a uniform suspension with the required specific gravity. Draw and label the flowchart 
(label both the masses and volumes of the galena and water), do the degree-of-freedom analysis, 
and calculate how much water (m 3 ) must be fed to the tank. 

(b) A mixture of coal and slate is placed in the suspension. The coal rises to the top and is skimmed 
off, and the slate sinks. What can you conclude about the specific gravities of coal and slate? 

(c) The separation process works well for several hours, but then a region of clear liquid begins to 
form at the top of the cloudy suspension and the coal sinks to the bottom of this region, making 
skimming more difficult. What might be happening to cause this behavior and what corrective 
action might be taken? Now what can you say about the specific gravity of coal? 

4.20. Wet air containing 4.0 moie% water vapor is passed through a column of calcium chloride pellets. 
The pellets adsorb 97.0% of the water and none of the other constituents of the air. The column 
packing was initially dry and had a mass of 3.40 kg. Following 5.0 hours of operation, the pellets are 
reweighed and found to have a mass of 3.54 kg. 

(a) Calculate the molar flow rate (mol/h) of the feed gas and the mole fraction of water vapor in the 
product gas. 

(b) The mole fraction of water in the product gas is monitored and found to have the value calcu¬ 
lated in part (a) for the first 10 hours of operation, but then it begins to increase. What is the 
most likely cause of the increase? If the process continues to run, what will the mole fraction of 
water in the product gas eventually be? 
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A dilute aqueous solution of H 2 SO 4 (Solution A) is to be mixed with a solution containing 90.0 wt% 
H 2 SO 4 (Solution B) to produce a 75.0 wt% solution (Solution C). 



The flow rate and concentration of Solution A change periodically, so that it is necessary to adjust 
the flow rate of Solution B to keep the product H2SO4 concentration constant. 

Flowmeters A and B have linear calibration plots of mass flow rate ( m ) versus meter reading 
(R), which pass through the following points: 

Flowmeter A: m A = 150 lb m /h, R A = 25 
m A = 500 lb m /h, R A - 70 
Flowmeter B: m B — 200 lb m /h, R B = 20 
m B = 800 lb m /h, R b = 60 

The analyzer calibration is a straight line on a semiiog plot of %H 2 S0 4 (.r) on a logarithmic scale 
versus meter reading (R x ) on a linear scale. The line passes through the points (x = 20%, R, = 4.0) 
and (x = 100%, R x = 10.0). 

(a) Calculate the flow rate of Solution B needed to process 300 lb m /h of 55% H 2 SO 4 (Solution A), 
and the resulting flow rate of Solution C. (The calibration data are not needed for this part.) 

(b) Derive the calibration equations for m A (R A ), m B (R B ), and x(R x ). Calculate the values of R A . 
R b , and R x corresponding to the flow rates and concentrations of part (a). 

(c) The process technician's job is to read Flowmeter A and the analyzer periodically, and then to 
adjust the flow rate of Solution B to its required value. Derive a formula that the technician can 
use for R b in terms of R A and R x , and then check it by substituting the values of part (a). 
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*4.22. Gas streams containing hydrogen and nitrogen in different proportions are produced on request by 
blending gases from two feed tanks: Tank A (hydrogen mole fraction = x A ) and Tank B (hydrogen 
mole fraction = x B ). The requests specify the desired hydrogen mole fraction, x P , and mass flow 
rate of the product stream, m P (kg/h). 

(a) Suppose the feed tank compositions are x A - 0.10 mol H 2 /mol and x B = 0.50 mol H 2 /mol, 
and the desired blend-stream mole fraction and mass flow rate are x P = 0.20 mol H 2 /mol and 
m p = 100 kg/h. Draw and label a flowchart and calculate the required molar flow rates of the 
feed mixtures, n A (kmol/h) and n B (kmoI/h). 

(b) Derive a series of formulas for h A and n B in terms of jt A , jc b , jt p , and m P . Test them using the 
values in part (a). 

(c) Write a spreadsheet that has column headings x A , x B , x P , m P , h A , and The spreadsheet should 
calculate entries in the last two columns corresponding to data in the first four. In the first six 
data rows of the spreadsheet, do the calculations for x A = 0.10, x B = 0.50, and x P = 0.10,0.20, 
0.30,0.40,0.50, and 0.60, all for m P = 100 kg/h. Then in the next six rows repeat the calculations 
for the same values of x A , x B , and .t P for m P = 250 kg/h. Explain any of your results that appear 
strange or impossible. 

(d) Enter the formulas of part (b) into an equation-solving program. Run the program to determine 
h A and n B for the 12 sets of input variable values given in part (c) and explain any physically 
impossible results. 

4.23. An artificial kidney is a device that removes water and waste metabolites from blood. In one such 
device, the hollow fiber hemodialyzer, blood flows from an artery through the insides of a bundle 
of hollow cellulose acetate fibers, and dialyzing fluid, which consists of water and various dissolved 
salts, flows on the outside of the fibers. Water and waste metabolites—principally urea, creatinine, 
uric acid, and phosphate ions—pass through the fiber walls into the dialyzing fluid, and the purified 
blood is returned to a vein. 


Dialyzing fluid 


Blood_; 

from an 
artery 




Purified 
blood to 
a vein 


Dialysate 


At some time during a dialysis the arterial and venous blood conditions are as follows: 


Flow Rate 


Urea (H 2 NCONH 2 ) Concentration 


(a) Calculate the rates at which urea and water are being removed from the blood. 

(b) If the dialyzing fluid enters at a rate of 1500 mL/min and the exiting solution ( dialysate ) leaves 
at approximately the same rate, calculate the concentration of urea in the dialysate. 

(c) Suppose we want to reduce the patient’s urea level from an initial value of 2.7 mg/mL to a final 
value of 1.1 mg/mL. If the total blood volume is 5.0 liters and the average rate of urea removal 
is that calculated in part (a), how long must the patient be dialyzed? (Neglect the loss in total 
blood volume due to the removal of water in the dialyzer.) 


Arterial (entering) Venous (exiting) 
Blood Blood 


200.0 mL/min 

195.0 mL/min 

1.90 mg/mL 

1.75 mg/mL 


'Computer problem. 
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4.24. The indicator dilution method is a technique used to determine flow rates of fluids in channels for 
which devices like rotameters and orifice meters cannot be used (e.g., rivers, blood vessels, and large- 
diameter pipelines). A stream of an easily measured substance (the tracer) is injected into the chan¬ 
nel at a known rate and the tracer concentration is measured at a point far enough downstream of 
the injection point for the tracer to be completely mixed with the flowing fluid. The larger the flow 
rate of the fluid, the lower the tracer concentration at the measurement point. 

A gas stream that contains 1.50 mole% C0 2 flows through a pipeline. Twenty (20.0) kilograms 
of C0 2 per minute is injected into the line. A sample of the gas is drawn from a point in the line 150 
meters downstream of the injection point and found to contain 2.3 moie% CO->. 

(a) Estimate the gas flow rate (kmol/min) upstream of the injection point. 

(b) Eighteen seconds elapses from the instant the additional C0 2 is first injected to the time the 
C0 2 concentration at the measurement point begins to rise. Assuming that the tracer travels at 
the average velocity of the gas in the pipeline (i.e., neglecting diffusion of C0 2 ), estimate the 
average velocity (m/s). If the molar gas density is 0.123 kmol/m 3 , what is the pipe diameter? 

4.25. A variation of the indicator dilution method (see preceding problem) is used to measure total blood 
volume. A known amount of a tracer is injected into the bloodstream and disperses uniformly 
throughout the circulatory system. A blood sample is then withdrawn, the tracer concentration in 
the sample is measured, and the measured concentration [which equals (tracer injected)/(total blood 
volume) if no tracer is lost through blood vessel walls] is used to determine the total blood volume. 

In one such experiment, 0.60 cm 3 of a solution containing 5.00 mg/L of a dye is injected into 
an artery of a grown man. About 10 minutes later, after the tracer has had time to distribute 
itself uniformly throughout the bloodstream, a blood sample is withdrawn and placed in the 
sample chamber of a spectrophotometer. A beam of light passes through the chamber, and 
the spectrophotometer measures the intensity of the transmitted beam and displays the value 
of the solution absorbance (a quantity that increases with the amount of light absorbed by the sam¬ 
ple). The value displayed is 0.18. A calibration curve of absorbance A versus tracer concentration 
C (micrograms dye/liter blood) is a straight line through the origin and the point (A = 0.9, C = 

3 Pg/L)- Estimate the patient’s total blood volume from these data, 

4.26. Gas absorption or gas scrubbing is a commonly used method for removing environmentally undesir¬ 
able species from waste gases in chemical manufacturing and combustion processes. The waste gas 
is contacted with a liquid solvent in which the potential pollutants are highly soluble and the other 
species in the waste gas are relatively insoluble. Most of the pollutants go into solution and emerge 
with the liquid effluent from the scrubber, and the cleaned gas is discharged to the atmosphere. The 
liquid effluent may be discharged to a waste lagoon or subjected to further treatment to recover the 
solvent and/or to convert the pollutant to a species that can be released safely to the environment. 

A waste gas containing S0 2 (a precursor of acid rain) and several other species (collectively 
designated as A) is fed to a scrubbing tower where it contacts a solvent (B) that absorbs S0 2 . The 
solvent feed rate to the tower is 1000 L/min. The specific gravity of the solvent is 1.30. Absorption 
of A and evaporation of B in the scrubber may be neglected. 


Stream 3 


Stream 2 


L 

Effluent gas [A(g), S0 2 (g)) 
y 3 (kmol S0 2 /kmol) 

Discharge to atmosphere 


Feed solvent [B{I}1 * 

1000 L/min 


Stream 4 

Stream 1 



Effluent liquid [B(D, S0 2 (dissolved)] 
jc 4 (kg S0 2 /kg) 

Discharge to waste lagoon or process further 


Waste gas [A(g), S0 2 (g)] 
yifkmol S0 2 /kmol) 


The gas in the scrubber rises through a series of trays (metal plates perforated with many small holes), 
and the solvent flows over the trays and through downcomers to the trays below. Gas bubbles emerge 
from the holes in each tray and rise through the covering liquid, and S0 2 diffuses out of the bubbles 
and into solution. 
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The volumetric flow rate of the feed gas is determined with an orifice meter, with a differential 
mercury manometer being used to measure the pressure drop across the orifice. Calibration data for 
this meter are tabulated here: 


fi(mm) 

P(m 3 /min) 

100 

142 

200 

204 

300 

247 

400 

290 


The molar density of the feed gas may be determined from the formula 

/mol \ _ 12.2/ > (atm) 

T(K) 

where P and T are the absolute pressure and temperature of the gas. An electrochemical detector 
is used to measure the SO 2 concentration in the inlet and outlet gas streams: SO? in the sampled 
gas is absorbed in a solution across which a fixed voltage is applied, and the mole fraction of S0 2 in 
the gas is determined from the resulting current. The calibration curve for the analyzer is a straight 
line on a semilog piot of y(mol S0 2 /mol total) versus R (analyzer reading), which passes through the 
following points: 


y (log scale) 

R (rectangular scale) 

0.00166 

20 

0.1107 

90 


The following data are taken: 

T = 75°F 
P = 150 psig 

^(orifice meter) = 210 mm 
R(S0 2 analyzer) = 82.4 
R (SOj analyzer) - 11.6 (outlet gas) 

(a) Draw and completely label a process flowchart. Include in the labeling the molar flow rates and 
SO? mole fractions of the gas streams and the mass flow rates and SO 2 mass fractions of the 
liquid streams. Show that the scrubber has zero degrees of freedom. 

(b) Determine (i) the orifice meter calibration formula by plotting V versus h on logarithmic axes 
and (ii) the S0 2 analyzer calibration formula. 

(c) Calculate (i) the mass fraction of S0 2 in the liquid effluent stream and (ii) the rate at which SO? 
is removed from the feed gas (kg S0 2 /min). 

(d) The scrubber column trays commonly have diameters on the order of 1-5 meters and perforation 
holes on the order of 4—12 mm in diameter, leading to the formation of many tiny bubbles in the 
liquid on each tray. Speculate on the advantages of making the bubbles as small as possible. 

*4.27. The SO z scrubbing tower described in Problem 4.26 is to be used to reduce the S0 2 mole fraction 
in the waste gas to a level that meets air quality control regulations. The solvent feed rate must be 
large enough to keep the SO? mass fraction in the exit liquid below a specified maximum value. 

(a) Draw and label a flowchart of the tower. Along with the molar flow rates and S0 2 mole fractions 
of the four process streams, label the feed gas temperature and pressure fTi(°F), F 1 (psig)], the 
feed gas orifice meter reading [ft|(mm)], the SO? analyzer reading for the feed gas (Ri), the 
volumetric feed rate of solvent to the column [V 2 (m J /min)j, and the SO? analyzer reading for 


I (feed gas) 


♦Computer problem. It is advisable to solve Problem 4.26 before attempting this problem. 
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the exit gas (R 3 ). (The temperature and pressure units are taken from the calibration curves for 
the gauges used to measure these variables.) 

(b) Derive a series of equations relating all of the labeled variables on the flowchart. The equations 
should include the calibration formulas calculated in part (b) of Problem 4.26. Determine the 
number of degrees of freedom for the process system. 

In the remainder of the problem, you will be given values of measured feed gas stream 
variables P^psig), /ti(mm), and /f t j, the maximum allowed SO 2 mole fraction in the 

exit solution [x»], and the specified S0 2 mole fraction in the exit gas (yj), and asked to calculate 
the expected S0 2 analyzer reading for the exit gas (R 3 ) and the minimum volumetric flow rate 
of solvent (P 2 ). Part (c) involves using a spreadsheet for the calculation, and part (d) calls for 
an independent calculation using an equation-solving program. 

(c) Create a spreadsheet to store input values of 7*i, Pi, h\, P,, x 4 , and y 3 and to calculate R 3 and 
V 2 . In the first five rows, insert the values 7\ = 75, P t = 150, h\ = 210, Pi = 82.4, x 4 = 0.10, 
and >3 = 0.05,0.025,0.01,0.005, and 0.001. In the next five rows, insert the same input values 
except make jc 4 = 0.02. On a single graph, draw plots of V 2 versus y 3 for each of the two given 
values of x 4 (preferably using the spreadsheet program to generate the graph). Briefly explain 
the shape of the curves and their position relative to each other. 

(d) Enter the equations of part (b) into an equation-solving program. Use the program to calculate 
P 3 and ^correspondingtoll = 75, Pi = 150, At = 210, P[ = 82.4, x 4 = 0.10, andy 3 = 0.05, 
0.025,0.01,0.005, and 0.001, and then T x = 75, Pj = 150, h x - 210, Pi = 82.4, ,t 4 = 0.02, and 
v 3 = 0.05,0.025,0.01,0.005, and 0.001. If you did not already do so in part (c), draw on a single 
graph plots of V 2 versus y 3 for each of the two given values of x 4 and briefly explain the shape 
of the curves and their position relative to each other. 

4.28. Following is a labeled flowchart for a steady-state two-unit process, with boundaries shown to denote 
subsystems about which balances can be taken. State the maximum number of balances that can 
be written for each subsystem and the order in which you would write balances to determine the 
unknown process variables. (See Example 4.4-1.) 
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4.29. A liquid mixture containing 30.0 mole% benzene (B), 25.0% toluene (T), and the balance xylene 
(X) is fed to a distillation column. The bottoms product contains 98.0 moie% X and no B, and 96.0% 
of the X in the feed is recovered in this stream. The overhead product is fed to a second column. 
The overhead product from the second column contains 97.0% of the B in the feed to this column. 
The composition of this stream is 94.0 mole% B and the balance T. 

(a) Draw and label a flowchart of this process and do the degree-of-freedom analysis to prove that 
for an assumed basis of calculation, molar flow rates and compositions of all process streams 
can be calculated from the given information. Write in order the equations you would solve 
to calculate unknown process variables. In each equation (or pair of simultaneous equations), 
circle the variable(s) for which you would solve. Do not do the calculations. 

(b) Calculate (i) the percentage of the benzene in the process feed (i.e., the feed to the first column) 
that emerges in the overhead product from the second column and (ii) the percentage of toluene 
in the process feed that emerges in the bottom product from the second column. 

4.30. Seawater containing 3.50 wt% salt passes through a series of 10 evaporators. Roughly equal quan¬ 
tities of water are vaporized in each of the 10 units and then condensed and combined to obtain a 
product stream of fresh water. The brine leaving each evaporator but the tenth is fed to the next 
evaporator. The brine leaving the tenth evaporator contains 5.00 wt% salt. 
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(a) Draw a flowchart of the process showing the first, fourth, and tenth evaporators. Label all the 
streams entering and leaving these three evaporators. 

(b) Write in order the set of equations you would solve to determine the fractional yield of fresh 
water from the process (kg FLO recovered/kg H 2 O in process feed) and the weight percent of 
salt in the solution leaving the fourth evaporator. Each equation you write should contain no 
more than one previously undetermined variable. In each equation, circle the variable for which 
you would solve. Do not do the calculations. 

(c) Solve the equations derived in part (b) for the two specified quantities. 

4.31. An equimolar liquid mixture of benzene and toluene is separated into two product streams by dis¬ 
tillation. A process flowchart and a somewhat oversimplified description of what happens in the 
process follow: 


Vapor—97% mole benzene 

Overhead product 


100 mol 

0.500 mol B/mol 
0.500 mol T/mol 


Reflux 


■t® 4 - 


fli(mol) Ar «i(mol) 
CONDENSER 


DISTILLATION 

COLUMN 


Boilup 


j/ B [mol 8(v)/mol) 


0 


Bottoms product 


REBOILER B(D/mol] 


Inside the column a liquid stream flows downward and a vapor stream rises. At each point in the 
column some of the liquid vaporizes and some of the vapor condenses. The vapor leaving the top 
of the column, which contains 97 mole% benzene, is completely condensed and split into two equal 
fractions: one is taken off as the overhead product stream, and the other (the reflux) is recycled 
to the top of the column. The overhead product stream contains 89.2% of the benzene fed to the 
column. The liquid leaving the bottom of the column is fed to a partial reboiler in which 45% of it is 
vaporized. The vapor generated in the reboiler (the boilup) is recycled to become the rising vapor 
stream in the column, and the residual reboiler liquid is taken off as the bottom product stream. The 
compositions of the streams leaving the reboiler are governed by the relation 

W(1 ~ ye) _ 

*b/(1 “ *b) 

where y% and are the mole fractions of benzene in the vapor and liquid streams, respectively. 

(a) Take a basis of 100 mol fed to the column. Draw and completely label a flowchart, and for each 
of four systems (overall process, column, condenser, and reboiler), do the degree-of-freedom 
analysis and identify a system with which the process analysis might appropriately begin (one 
with zero degrees of freedom). 

(b) Write in order the equations you would solve to determine all unknown variables on the 
flowchart, circling the variable for which you would solve in each equation. Do not do the 
calculations in this part. 

(c) Calculate the molar amounts of the overhead and bottoms products, the mole fraction of ben¬ 
zene in the bottoms product, and the percentage recovery of toluene in the bottoms product 
(100 x moles toluene in bottoms/mole toluene in feed). 

4.32. Fresh orange juice contains 12.0 wt% solids and the balance water, and concentrated orange juice 
contains 42.0 wt% solids. Initially a single evaporation process was used for the concentration, but 
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volatile constituents of the juice escaped with the water, leaving the concentrate with a flat taste. The 
current process overcomes this problem by bypassing the evaporator with a fraction of the fresh 
juice. The juice that enters the evaporator is concentrated to 58 wt% solids, and the evaporator 
product stream is mixed with the bypassed fresh juice to achieve the desired final concentration. 

(a) Draw and label a flowchart of this process, neglecting the vaporization of everything in the juice 
but water. First prove that the subsystem containing the point where the bypass stream splits 
off from the evaporator feed has one degree of freedom. (If you think it has zero degrees, try 
determining the unknown variables associated with this system.) Then perform the degree-of- 
freedom analysis for the overall system, the evaporator, and the bypass-evaporator product 
mixing point, and write in order the equations you would solve to determine all unknown stream 
variables. In each equation, circle the variable for which you would solve, but don’t do any 
calculations. 

(b) Calculate the amount of product (42% concentrate) produced per 100 kg fresh juice fed to the 
process and the fraction of the feed that bypasses the evaporator. 

(c) Most of the volatile ingredients that provide the taste of the concentrate are contained in the 
fresh juice that bypasses the evaporator. You could get more of these ingredients in the final 
product by evaporating to (say) 90% solids instead of 58%; you could then bypass a greater 
fraction of the fresh juice and thereby obtain an even better tasting product. Suggest possible 
drawbacks to this proposal. 

433. A stream containing 5.15 wt% chromium, Cr, is contained in the wastewater from a metal finishing 
plant. The wastewater stream is fed to a treatment unit that removes 95% of the chromium in the 
feed and recycles it to the plant. The residual liquid stream leaving the treatment unit is sent to a 
waste lagoon. The treatment unit has a maximum capacity of 4500 kg wastewater/h. If wastewater 
leaves the finishing plant at a rate higher than the capacity of the treatment unit, the excess (anything 
above 4500 kg/h) bypasses the unit and combines with the residual liquid leaving the unit, and the 
combined stream goes to the waste lagoon. 


m 4 (kg Cr/h) [no water] 
95% of Cr in feed to unit 


Wastewater 

m I (kg/h) m 2 (kg/h) £ 4500 kg/h 

0.0515 kg Cr/kg 


m 5 ( kg/h) 

m 6 (kg/h) 


m 3 (kg/h) 


To waste lagoon 
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(a) Without assuming a basis of calculation, draw and label a flowchart of the process. 

(b) Wastewater leaves the finishing plant at a rate m t = 6000 kg/h. Calculate the flow rate of liquid 
to the waste lagoon, m$(kg/h), and the mass fraction of Cr in this liquid, x 6 (kg Cr/kg). 

(c) Calculate the flow rate of liquid to the waste lagoon and the mass fraction of Cr in this liquid for 
rk\ varying from 1000 kg/h to 10,000 kg/h in 1000 kg/h increments. Generate a plot of x 6 versus 
m i. (Suggestion : Use a spreadsheet for these calculations.) 

(d) The company has hired you as a consultant to help them determine whether or not to add capac¬ 
ity to the treatment unit to increase the recovery of chromium. What would you need to know 
to make this determination? 

434. An evaporation-crystallization process of the type described in Example 4.5-2 is used to obtain solid 
potassium sulfate from an aqueous solution of this salt. The fresh feed to the process contains 19.6 
wt% K 2 S0 4 . The wet filter cake consists of solid K 2 S0 4 crystals and a 40,0 wt% K 2 S0 4 solution, in a 
ratio 10 kg crystals/kg solution. The filtrate, also a 40.0% solution, is recycled to join the fresh feed. 
Of the water fed to the evaporator, 45.0% is evaporated. The evaporator has a maximum capacity 
of 175 kg water evaporated/s. 
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(a) Assume the process is operating at maximum capacity. Draw and label a flowchart and do the 
degree-of-freedom analysis for the overall system, the recycle-fresh feed mixing point, the evap¬ 
orator, and the crystallizer. Then write in an efficient order (minimizing simultaneous equations) 
the equations you would solve to determine all unknown stream variables. In each equation, cir¬ 
cle the variable for which you would solve, but don’t do the calculations. 

(b) Calculate the maximum production rate of solid K 2 S0 4 , the rate at which fresh feed must be 
supplied to achieve this production rate, and the ratio kg recycle/kg fresh feed. 

(c) Calculate the composition and feed rate of the stream entering the crystallizer if the process is 
scaled to 75% of its maximum capacity. 

(d) The wet filter cake is subjected to another operation after leaving the filter. Suggest what it might 
be. Also, list what you think the principal operating costs for this process might be. 

*(e) Use an equation-solving computer program to solve the equations derived in part (a). Verify 
that you get the same solutions determined in part (b). 

4.35. In an absorption tower (or absorber), a gas is contacted with a liquid under conditions such that one 
or more species in the gas dissolve in the liquid. A stripping tower (or stripper) also involves a gas 
contacting a liquid, but under conditions such that one or more components of the feed liquid come 
out of solution and exit in the gas leaving the tower. 

A process consisting of an absorption tower and a stripping tower is used to separate the com¬ 
ponents of a gas containing 30.0 mole% carbon dioxide and the balance methane. A stream of this 
gas is fed to the bottom of the absorber. A liquid containing 0.500 mole% dissolved C0 2 and the 
balance methanol is recycled from the bottom of the stripper and fed to the top of the absorber. 
The product gas leaving the top of the absorber contains 1.00 mole% C0 2 and essentially all of the 
methane fed to the unit. The C0 2 -rich liquid solvent leaving the bottom of the absorber is fed to the 
top of the stripper and a stream of nitrogen gas is fed to the bottom. Ninety percent of the C0 2 in 
the liquid feed to the stripper comes out of solution in the column, and the nitrogen/C0 2 stream 
leaving the column passes out to the atmosphere through a stack. The liquid stream leaving the 
stripping tower is the 0.500% C0 2 solution recycled to the absorber. 

The absorber operates at temperature T a and pressure P a and the stripper operates at T, and 
P s . Methanol may be assumed to be nonvolatile—that is, none enters the vapor phase in either 
column—and N 2 may be assumed insoluble in methanol. 

(a) In your own words, explain the overall objective of this two-unit process and the functions of, 
the absorber and stripper in the process. 

(b) The streams fed to the tops of each tower have something in common, as do the streams fed to 
the bottoms of each tower. What are these commonalities and what is the probable reason for 
them? 

(c) Taking a basis of 100 mol/h of gas fed to the absorber, draw and label a flowchart of the process. 
For the stripper outlet gas, label the component molar flow rates rather than the total flow rate 
and mole fractions. Do the degree-of-freedom analysis and write in order the equations you 
would solve to determine all unknown stream variables except the nitrogen flow rate entering 
and leaving the stripper. Circle the variable(s) for which you would solve each equation (or set 
of simultaneous equations), but don’t do any of the calculations yet. 

(d) Calculate the fractional C0 2 removal in the absorber (moles absorbed/mole in gas feed) and 
the molar flow rate and composition of the liquid feed to the stripping tower. 

(e) Calculate the molar feed rate of gas to the absorber required to produce an absorber product 
gas flow rate of 1000 kg/h. 

(f) Would you guess that T s would be higher or lower than TJ Explain. (Hint: Think about what 
happens when you heat a carbonated soft drink and what you want to happen in the stripper.) 
What about the relationship of P % to P a ? 

(g) What properties of methanol would you guess make it the solvent of choice for this process? 
(In more general terms, what would you look for when choosing a solvent for an absorption¬ 
stripping process to separate one gas from another?) 

4.36. In the production of a bean oil, beans containing 13.0 wt% oil and 87.0% solids are ground and fed 
to a stirred tank (the extractor) along with a recycled stream of liquid /j-hexane. The feed ratio is 3 kg 
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hexane/kg beans. The ground beans are suspended in the liquid, and essentially all of the oil in the 
beans is extracted into the hexane. The extractor effluent passes to a filter. The filter cake contains 
75.0 wt% bean solids and the balance bean oil and hexane, the latter two in the same ratio in which 
they emerge from the extractor. The filter cake is discarded and the liquid filtrate is fed to a heated 
evaporator in which the hexane is vaporized and the oil remains as a liquid. The oil is stored in 
drums and shipped. The hexane vapor is subsequently cooled and condensed, and the liquid hexane 
condensate is recycled to the extractor. 



Beans Filter cake Oil 
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(a) Draw and label a flowchart of the process, do the degree-of-freedom analysis, and write in an 
efficient order the equations you would solve to determine all unknown stream variables, circling 
the variables for which you would solve. 

(b) Calculate the yield of bean oil product (kg oil/kg beans fed), the required fresh hexane feed (kg 
CsH] 4 /kg beans fed), and the recycle to fresh feed ratio (kg hexane recycled/kg fresh feed). 

(c) It has been suggested that a heat exchanger might be added to the process. This process unit 
would consist of a bundle of parallel metal tubes contained in an outer shell. The liquid filtrate 
would pass from the filter through the inside of the tubes and then go on to the evaporator. The 
hot hexane vapor on its way from the evaporator to the extractor would flow through the shell, 
passing over the outside of the tubes and heating the filtrate. How might the inclusion of this 
unit lead to a reduction in the operating cost of the process? 

(d) Suggest additional steps that might improve the process economics. 

4.37. Following is a diagram of the shirt-cleaning process used by the Floods of Suds One-Day Laundry 
Services, Inc. The shirts are soaked in an agitated tub containing Whizzo, the Wonder Detergent, 
and are then wrung out and sent to a rinse stage. The dirty Whizzo is sent to a filter in which most 
of the dirt is removed, and the cleaned detergent is recycled back to join a stream of pure Whizzo, 
with the combined stream serving as the feed to the washtub. 


Wh 


Dirty shirts | 

r 

| Clean shirts 




AGITATED i 




Pure Wh 

97% Wh. 

TUB 

87% Wh 



8 % Wh 





FILTER 




Recycled Wh 

□ 



Data: 

1. Each 100 ib m of dirty shirts contains 2.0 lb m of dirt. 

2. The washing removes 95% of the dirt in the dirty shirts. 

3. For each 100 lb m of dirty shirts, 25 lb ra of Whizzo leaves with the clean shirts, of which 22 lb ra is 
wrung back into the tub. 

4. The detergent that enters the tub contains 97% Whizzo, and that which enters the filter contains 
87%. The wet dirt that leaves the filter contains 8.0% Whizzo. 
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(a) How much pure Whizzo must be supplied per 100 lb m of dirty shirts? 

(b) What is the composition of the recycled stream? 

4.38. A drug (D) is produced in a three-stage extraction from the leaves of a tropical plant. About 1000 
kg of leaf is required to produce 1 kg of the drug. The extraction solvent (S) is a mixture containing 
16.5 wt% ethanol (E) and the balance water (W). The following process is carried out to extract the 
drug and recover the solvent. 

1. A mixing tank is charged with 3300 kg of S and 620 kg of leaf. The mixer contents are stirred 
for several hours, during which a portion of the drug contained in the leaf goes into solution. 
The contents of the mixer are then discharged through a filter. The liquid filtrate, which carries 
over roughly 1% of the leaf fed to the mixer, is pumped to a holding tank, and the solid cake 
(spent leaf and entrained liquid) is sent to a second mixer. The entrained liquid has the same 
composition as the filtrate and a mass equal to 15% of the mass of liquid charged to the mixer. 
The extracted drug has a negligible effect on the total mass and volume of the spent leaf and 
the filtrate. 

2. The second mixer is charged with the spent leaf from the first mixer and with the filtrate from 
the previous batch in the third mixer. The leaf is extracted for several more hours, and the 
contents of the mixer are then discharged to a second filter. The filtrate, which contains 1% of 
the leaf fed to the second mixer, is pumped to the same holding tank that received the filtrate 
from the first mixer, and the solid cake—spent leaf and entrained liquid—is sent to the third 
mixer. The entrained liquid mass is 15% of the mass of liquid charged to the second mixer. 

3. The third mixer is charged with the spent leaf from the second mixer and with 2720 kg of solvent 
S. The mixer contents are filtered; the filtrate, which contains 1% of the leaf fed to the third 
mixer, is recycled to the second mixer; and the solid cake is discarded. As before, the mass of 
the entrained liquid in the solid cake is 15% of the mass of liquid charged to the mixer. 

4. The contents of the filtrate holding tank are filtered to remove the carried-over spent leaf, 
and the wet cake is pressed to recover entrained liquid, which is combined with the filtrate. A 
negligible amount of liquid remains in the wet cake. The filtrate, which contains D, E, and W, 
is pumped to an extraction unit (another mixer). 

5. In the extraction unit, the alcohol-water-drug solution is contacted with another solvent (F), 
which is almost but not completely immiscible with ethanol and water. Essentially all of the 
drug (D) is extracted into the second solvent, from which it is eventually separated by a process* 
of no concern in this problem. Some ethanol but no water is also contained in the extract. The 
solution from which the drug has been extracted (the raffinate) contains 13.0 wt% E, 1.5% F, 
and 85.5% W. It is fed to a stripping column for recovery of the ethanol. 

6 . The feeds to the stripping column are the solution just described and steam. The two streams 
are fed in a ratio such that the overhead product stream from the column contains 20.0 wt% E 
and 2.6% F, and the bottom product stream contains 1.3 wt% E and the balance W. 


Draw and label a flowchart of the process, taking as a basis one batch of leaf processed. Then calcu¬ 
late 

(a) the masses of the components of the filtrate holding tank. 

(b) the masses of the components D and E in the extract stream leaving the extraction unit. 

(c) the mass of steam fed to the stripping column, and the masses of the column overhead and 
bottoms products. 

4.39. Acetylene is hydrogenated to form ethane. The feed to the reactor contains 1.50 mol HWmol C 2 H 2 . 

(a) Calculate the stoichiometric reactant ratio (mol H 2 react/mol C 2 H 2 react) and the yield ratio 
(kraol QH* formed/kmol H 2 react). 

(b) Determine the limiting reactant and calculate the percentage by which the other reactant is in 
excess. 

(c) Calculate the mass feed rate of hydrogen (kg/s) required to produce 4 x 10 6 metric tons of ethane 
per year, assuming that the reaction goes to completion and that the process operates for 24 
hours a day, 300 days a year. 

(d) There is a definite drawback to running with one reactant in excess rather than feeding the 
reactants in stoichiometric proportion. What is it? [Hint: In the process of part (c), what does 
the reactor effluent consist of and what will probably have to be done before the product ethane 
can be sold or used?] 
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4.40. Ammonia is burned to form nitric oxide in the following reaction: 

4NH 3 + 50 2 —* 4NO + 6H z O 

(a) Calculate the ratio (lb-mole 0 2 react/lb-mole NO formed). 

(b) If ammonia is fed to a continuous reactor at a rate of 100.0 kmol NH 3 /h, what oxygen feed rate 
(kmol/h) would correspond to 40.0% excess 0 2 ? 

(c) If 50.0 kg of ammonia and 100.0 kg of oxygen are fed to a batch reactor, determine the limiting 
reactant, the percentage by which the other reactant is in excess, and the extent of reaction (mol) 
and mass of NO produced (kg) if the reaction proceeds to completion. 

4.41. A stream containing H 2 S and inert gases and a second stream of pure S0 2 are fed to a sulfur recovery 
reactor, where the reaction 

2H 2 S + S0 2 —* 3S + 2H 2 0 

takes place. The feed rates are adjusted so that the ratio of H 2 S to S0 2 in the combined feed is always 
stoichiometric. 

In the normal operation of the reactor the flow rate and composition of the H 2 S feed stream 
both fluctuate. In the past, each time either variable changed the required S0 2 feed rate had to be 
reset by adjusting a valve in the feed line. A control system has been installed to automate this pro¬ 
cess. The H 2 S feed stream passes through an electronic flowmeter that transmits a signal Rt directly 
proportional to the molar flow rate of the stream, h f . When h t = 100 kmol/h, the transmitted sig¬ 
nal Rt - 15 mV. The mole fraction of H 2 S in this stream is measured with a thermal conductivity 
detector, which transmits a signal R a . Analyzer calibration data are as follows: 


Ka(mV) 

0 

25.4 

42.8 

58.0 

71.9 

85.1 

x(mol H 2 S/mol) 

0.00 1 

0.20 

0.40 

! 0.60 

0.80 

1.00 


The controller takes as input the transmitted values of Rf and /? a and calculates and transmits a volt¬ 
age signal R c to a flow control valve in the S0 2 line, which opens and closes to an extent dependent 
on the value of R c ■ A plot of the S0 2 flow rate, h c , versus /?« on rectangular coordinates is a straight 
line through the points ( R c — 10.0 mV, h c = 25,0 kmol/h) and (i? c = 25.0 mV, h c = 60.0 kmol/h). 



(a) Why would it be important to feed the reactants in stoichiometric proportion? (Hint: S0 2 and 
especially H 2 S are serious pollutants.) What are several likely reasons for wanting to automate 
the S0 2 feed rate adjustment? 

(b) If the first stream contains 85.0 mole% H 2 S and enters the unit at a rate of h t = 3.00 X 10 2 
kmol/h, what must the value of h c (kmol S0 2 /h) be? 

(c) Fit a function to the H 2 S analyzer calibration data to derive an expression for rasa function of 
R 3 . Check the fit by plotting both the function and the calibration data on the same graph, 

(d) Derive a formula for R c from specified values of R s and /? a , using the result of part (c) in the 
derivation. (This formula would be built into the controller.) Test the formula using the flow 
rate and composition data of part (a). 

(e) The system has been installed and made operational, and at some point the concentration of 
H 2 S in the feed stream suddenly changes. A sample of the blended gas is collected and analyzed 
a short time later and the mole ratio of H 2 S to S0 2 is not the required 2:1. List as many possible 
reasons as you can think of for this apparent failure of the control system. 
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4.42. The reaction between ethylene and hydrogen bromide to form ethyl bromide is carried out in a 
continuous reactor. The product stream is analyzed and found to contain 51.7 mole% CjHsBr and 
17.3% HBr. The feed to the reactor contains only ethylene and hydrogen bromide. Calculate the 
fractional conversion of the limiting reactant and the percentage by which the other reactant is in 
excess. If the molar flow rate of the feed stream is 165 mol/s, what is the extent of reaction? (Give 
its numerical value and its units.) 

4.43. In the Deacon process for the manufacture of chlorine, HC1 and 0 2 react to form Cl 2 and H 2 0. Suffi¬ 
cient air (21 mole% 0 2 ,79% N 2 ) is fed to provide 35% excess oxygen and the fractional conversion 
of HClis85%. 

(a) Calculate the mole fractions of the product stream components, using atomic species balances 
in your calculation. 

(b) Again calculate the mole fractions of the product stream components, only this time use the 
extent of reaction in the calculation. 

(c) An alternative to using air as the oxygen source would be to feed pure oxygen to the reactor. 
Running with oxygen imposes a significant extra process cost relative to running with air, but 
also offers the potential for considerable savings. Speculate on what the cost and savings might 
be. What would determine which way the process should be run? 

4.44. Titanium dioxide (Ti0 2 ) is used extensively as a white pigment. It is produced from an ore that con¬ 
tains ilmenite (FeTi0 3 ) and ferric oxide (Fe?0 3 ), The ore is digested with an aqueous sulfuric acid 
solution to produce an aqueous solution of titanyl sulfate [(TiO)S0 4 ] and ferrous sulfate (FeS0 4 ). 
Water is added to hydrolyze the titanyl sulfate to H 2 Ti0 3 , which precipitates, and H 2 S0 4 . The pre¬ 
cipitate is then roasted, driving off water and leaving a residue of pure titanium dioxide. (Several 
steps to remove iron from the intermediate solutions as iron sulfate have been omitted from this 
description.) 

Suppose an ore containing 24.3% Ti by mass is digested with an 80% H 2 S0 4 solution, supplied 
in 50% excess of the amount needed to convert all the ilmenite to titanyl sulfate and all the ferric 
oxide to ferric sulfate [Fe 2 (S0 4 ) 3 ]. Further suppose that 89% of the ilmenite actually decomposes. 
Calculate the masses (kg) of ore and 80% sulfuric acid solution that must be fed to produce 1000 kg 
of pure Ti0 2 . 

4.45. Coal containing 5.0 wt% S is burned at a rate of 1250 lb m /min in a boiler furnace. All of the sulfur in 
the coal is oxidized to S0 2 . The product gas is sent to a scrubber in which most of the S0 2 is removed, 
and the scrubbed gas then passes out of a stack. An Environmental Protection Agency regulation 
requires that the gas in the stack must contain no more than 0.018 lb ra S0 2 /lb m coal burned. To test 
compliance with this regulation a flowmeter and an S0 2 analyzer are mounted in the stack. The 
volumetric flow rate of the scrubbed gas is found to be 2867 ft 3 /s, and the SO? analyzer reading is 
37. Calibration data for the analyzer are given in the table below. 


S0 2 Analyzer Calibration Data 


C(g S0 2 /m 3 gas) 

Reading (0-100 scale) 

0.30 

10 

0.85 

28 

2.67 

48 

7.31 

65 

18.2 

81 

30.0 

90 


(a) Determine the equation that relates SO? concentration in lb m /ft 3 to the analyzer reading. 

(b) Is the process in compliance with the EPA regulation? 

(c) What percentage of the SO? produced in the furnace is removed in the scrubber? 

(d) An earlier EPA regulation set a limit on the mole fraction of S0 2 in the gas emerging from the 
stack (as opposed to the quantity of SO? emitted per mass of coal burned), but a way was found 
to release large quantities of S0 2 from stacks without violating this regulation. Speculate on 
what the method of getting around the old regulation was. (Hint: It involved feeding a second 
stream to the base of the stack.) Explain why this method no longer worked when the new 
regulation was imposed. 
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4 . 46 . The gas-phase reaction between methanol and acetic acid to form methyl acetate and water 

CH 3 OH + CH 3 COOH “ CH 3 COOCH 3 + H 2 0 
(A) (B) (C) (D) 

takes place in a batch reactor and proceeds to equilibrium. When the reaction mixture comes to 
equilibrium, the mole fractions of the four reactive species satisfy the relation 

= 4.87 

?AyB 

(a) Suppose the feed to the reactor consists of n M , n m , n co, «do> and n l0 gram-moles of A, B, C, 
D, and an inert gas, I, respectively. Let £(mol) be the extent of reaction. Write expressions for 
the gram-moles of each reactive species in the final product. n A (£), «b(£)> *c(£), and n D (g). 
Then use these expressions and the given equilibrium relation to derive an equation for &, the 
equilibrium extent of reaction, in terms of n A0 ,... , n w . (see Example 4.6-2.) 

(b) If the feed to the reactor contains equimolar quantities of methanol and acetic acid and no other 
species, calculate the equilibrium fractional conversion. 

(c) It is desired to produce 70 mol of methyl acetate starting with 80 mol of acetic acid. If the reaction 
proceeds to equilibrium, how much methanol must be fed? What is the composition of the final 

product? . „ , 

(d) If you wanted to carry out the process of part (b) or (c) commercially, what would you need 
to know besides the equilibrium composition to determine whether the process would be prof¬ 
itable? (List several things.) 

4.47. At low to moderate pressures, the equilibrium state of the water-gas shift reaction 

CO + H 2 0 — co 2 + H 2 


is approximately described by the relation 


> ,co lZI h. = Ke (T) = 0.0247 exp[4020/T(A')] 
yco >’h 2 o 


where T is the reactor temperature, K e is the reaction equilibrium constant, and y t is the mole fraction 
of species i in the reactor contents at equilibrium. 

The feed to a batch shift reactor contains 20.0 mole% CO, 10.0% C0 2 , 40.0 /o water, and the 
balance an inert gas. The reactor is maintained at T = 1123 K. 

(a) Assume a basis of 1 mol feed and draw and label a flowchart. Carry out a degree-of-freedom 
analysis of the reactor based on extents of reaction and use it to prove that you have enough 
information to calculate the composition of the reaction mixture at equilibrium. Do no calcula- 


(b) Calculate the total moles of gas in the reactor at equilibrium (if it takes you more than 5 seconds 
you’re missing the point) and then the equilibrium mole fraction of hydrogen in the product. 
(, Suggestion: Begin by writing expressions for the moles of each species in the product gas in 
terms of the extent of reaction, and then write expressions for the species mole fractions.) 

(c) Suppose a gas sample is drawn from the reactor and analyzed shortly after startup and the mole 
fraction of hydrogen is significantly different from the calculated value. Assuming that no cal¬ 
culation mistakes or measurement errors have been made, what is a likely explanation for the 
discrepancy between the calculated and measured hydrogen yields? 

*(d) Write a spreadsheet to take as input the reactor temperature and the feed component mole 
fractions x C o, -%o, and *co, (assume no hydrogen is fed) and to calculate the mole fraction y H , 
in the product gas when equilibrium is reached. The spreadsheet column headings should be 

T x(C0) x(H20) x(C02) Ke ••• y(H2) 

Columns between Ke and y(H2) may contain intermediate quantities in the calculation of y Hr 
Rrst test your program for the conditions of part (a) and verify that it is correct. Then try a 
variety of values of the input variables and draw conclusions about the conditions (reactor tem¬ 
perature and feed composition) that maximize the equilibrium yield of hydrogen. 


♦Computer problem. 
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4.48. Methanol is formed from carbon monoxide and hydrogen in the gas-phase reaction 

CO + 2 H 2 ^ CH 3 OH 
(A) (B) (C) 

The mole fractions of the reactive species at equilibrium satisfy the relation 


yc l 
y A y| p 1 


= ATe(r) 


where P is the total pressure (atm), K e the reaction equilibrium constant (atm 2 ), and T the temper¬ 
ature (K). The equilibrium constant K e equals 10.5 at 373 K, and 2.316 x 10 ~ 4 at 573 K. A semilog plot 
of K t (logarithmic scale) versus 1/ T (rectangular scale) is approximately linear between T = 300 K 
and T = 600 K. 

(a) Derive a formula for K e (T), and use it to show that AT e (450K) = 0.0548 atm~ 2 . 

(b) Write expressions for n A , «b, and n c (gram-moles of each species), and then y A , >’b. and yc. in 
terms of «ao> «bo, «co. and £, the molar extent of reaction. Then derive an equation involving 
only « A 0 , n B o, nco, P, T , and&, where & (mol) is the value of the extent of reaction at equilibrium. 

(c) Suppose you begin with equimolar quantities of CO and H 2 and no CH 3 OH, and the reaction 
proceeds to equilibrium at 423 K and 2.00 atm. Calculate the molar composition of the product 
(y'A, vb. and yc) and the fractional conversion of CO. 

*(d) Write a set of equations for >>a, y B > >’c, and f A (the fractional conversion of CO) in terms of v A o, 
y B o. T, and P (the reactor temperature and pressure at equilibrium). Enter the equations in an 
equation-solving program. Check the program by running it for the conditions of part (c), then 
use it to determine the effects on f A (increase, decrease, or no effect) of separately increasing 
(i) the fraction of CO in the feed, (ii) the fraction of CH 3 OH in the feed, (iii) temperature, and 
(iv) pressure. 

*(e) Write a computer program to take as input yAo, yB0> T, and P (the reactor temperature and pres¬ 
sure at equilibrium) and to calculate and print out y A , yg, yc, and f A (the fractional conversion 
of CO). Test your program with the data of part (c). [Suggestion: Write the equilibrium relations 
derived in part (b) as a cubic equation in & and use Newton’s rule—Appendix A.2—to obtain 
the solution.] 

4.49. Methane and oxygen react in the presence of a catalyst to form formaldehyde. In a parallel reactio'n, 
methane is oxidized to carbon dioxide and water: 


CH 4 + 0 2 — HCHO + H 2 0 
CH 4 + 2 0 2 —*■ C0 2 + 2 H 2 0 
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The feed to the reactor contains equimolar amounts of methane and oxygen. Assume a basis of 100 

mol feed/s. 

(a) Draw and label a flowchart. Use a degree-of-freedom analysis based on extents of reaction to 
determine how many process variable values must be specified for the remaining variable values 
to be calculated. 

(b) Use Equation 4.6-6 to derive expressions for the product stream component flow rates in terms 
of the two extents of reaction, £ and £>. 

(c) The fractional conversion of methane is 0.900 and the fractional yield of formaldehyde is 0.855. 
Calculate the molar composition of the reactor output stream and the selectivity of formalde¬ 
hyde production relative to carbon dioxide production. 

Ethane is chlorinated in a continuous reactor: 

C 2 H 6 + Cl 2 — QHjC! + HCI 

Some of the product monochloroethane is further chlorinated in an undesired side reaction: 


C 2 H 5 C1 + Cl 2 —* C 2 H 4 C1 2 + HCI 

(a) Suppose your principal objective is to maximize the selectivity of monochloroethane production 
relative to dichloroethane production. Would you design the reactor for a high or low conversion 
of ethane? Explain your answer. (Hint: If the reactor contents remained in the reactor long 


‘Computer problem. 
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enough for most of the ethane in the feed to be consumed, what would the main product con¬ 
stituent probably be?) What additional processing steps would almost certainly be carried out 
to make the process economically sound? 

(b) Take a basis of 100 mol C : H 5 C1 produced. Assume that the feed contains only ethane and chlo¬ 
rine and that all of the chlorine is consumed and carry out a degree-of-freedom analysis based 
on atomic species balances. 

(c) The reactor is designed to yield a 15% conversion of ethane and a selectivity of 14 mol 
QH 5 Cl/mol C 2 H 4 CI 2 , with a negligible amount of chlorine in the product gas. Calculate the 
feed ratio (mol Cl 2 /mol C 2 H 6 ) and the fractional yield of monochloroethane. 

(d) Suppose the reactor is built and started up and the conversion is only 14%. Chromatographic 
analysis shows that there is no Cl 2 in the product but another species with a molecular weight 
higher than that of dichloroethane is present. Offer a likely explanation for these results. 

4.51. Ethanol is produced commercially by the hydration of ethylene: 

C 7 H 4 + H 2 0 * C 2 H 5 OH 

Some of the product is converted to diethyl ether in the side reaction 
2 C 2 H 5 OH —* (C 2 H 5 ) 2 0 + H 2 0 

The feed to the reactor contains ethylene, steam, and an inert gas. A sample of the reactor effluent 
gas is analyzed and found to contain 43.3 mole% ethylene, 2.5% ethanol, 0.14% ether, 9.3% inerts, 
and the balance water. 

(a) Take as a basis 100 mol of effluent gas, draw and label a flowchart, and do a degree-of-freedom 
analysis based on atomic species to prove that the system has zero degrees of freedom . 7 

(b) Calculate the molar composition of the reactor feed, the percentage conversion of ethylene, the 
fractional yield of ethanol, and the selectivity of ethanol production relative to ether production. 

(c) The percentage conversion of ethylene you calculated should be very low. Why do you think the 
reactor would be designed to consume so little of the reactant? (Hint: If the reaction mixture 
remained in the reactor long enough to use up most of the ethylene, what would the main product 
constituent probably be?) What additional processing steps are likely to take place downstream 
from the reactor? 

4.52. Solid calcium fluoride (CaF 2 ) reacts with sulfuric acid to form solid calcium sulfate and gaseous 
hydrogen fluoride. The HF is then dissolved in water to form hydrofluoric acid. A source of calcium 
fluoride is fluorite ore containing 96.0 wt% CaF 2 and 4.0% Si0 2 . 

In a typical hydrofluoric acid manufacturing process, fluorite ore is reacted with 93 wt% aqueous 
sulfuric acid, supplied 15% in excess of the stoichiometric amount. Ninety-five percent of the ore 
dissolves in the acid. Some of the HF formed reacts with the dissolved silica in the reaction 

6 HF + Si0 2 (aq) — H 2 SiF 6 (s) + 2 H 2 0(1) 

The hydrogen fluoride exiting from the reactor is subsequently dissolved in enough water to produce 
60.0 wt% hydrofluoric acid. Calculate the quantity of fluorite ore needed to produce a metric ton of 
acid. Note: Some of the given data are not needed to solve the problem. 

4.53. Chlorobenzene (QHsCl), an important solvent and intermediate in the production of many other 
chemicals, is produced by bubbling chlorine gas through liquid benzene in the presence of ferric chlo¬ 
ride catalyst. In an undesired side reaction, the product is further chlorinated to dichlorobenzene, 
and in a third reaction the dichlorobenzene is chlorinated to trichlorobenzene. 

The feed to a chlorination reactor consists of essentially pure benzene and a technical grade of 
chlorine gas (98 wt% Cl 2 , the balance gaseous impurities with an average molecular weight of 25.0). 
The liquid output from the reactor contains 65.0 wt% C 6 H6,32.0 wt% QH 5 CI, 2.5 wt% QH 4 CI 2 , 
and 0.5 wt% C 6 H 3 CI 3 . The gaseous output contains only HC1 and the impurities that entered with 
the chlorine, 

(a) You wish to determine (i) the percentage by which benzene is fed in excess, (it) the fractional 
conversion of benzene, (iii) the fractional yield of monochlorobenzene, and (iv) the mass ratio 

r Your first attempt is likely to yield D.F. = -1, meaning that either (i) you counted one too many independent 
balances, (ii) you forgot to label one unknown variable, or (iii) the problem statement contains one redundant— 
and possibly inconsistent—process variable specification. Prove that (i) is actually the case. (Review the defini¬ 
tion of independent balances in Section 4.7b.) 
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of the gas feed to the liquid feed. Without doing any calculations, prove that you have enough 
information about the process to determine these quantities. 

(b) Perform the calculations. 

(c) Why would benzene be fed in excess and the fractional conversion kept low? 

(d) What might be done with the gaseous effluent? 

(e) It is possible to use 99.9% pure (“reagent-grade”) chlorine instead of the technical grade actually 
used in the process. Why is this probably not done? Under what conditions might extremely pure 
reactants be called for in a commercial process? (Hint: Think about possible problems associated 
with the impurities in technical grade chemicals.) 

*4.54. The following two reactions take place in a gas-phase reactor: 

2 C0 2 ^ 2CO + 0 2 
(A) (B) (C) 

0 2 + N 2 — 2NO 
(C) (D) (E) 

If the system comes to equilibrium at 3000 K and 1 atm, the product gas mole fractions satisfy the 

relations 

Ms. = 0.1071 ji- = 0.01493 

yi ycyo 

(a) Let «ao. • - •, «eo be the initial number of gram-moles of each species and and | e2 be the extents 

of reactions 1 and 2, respectively, at equilibrium (see Equation 4.6-6). Derive expressions for 
the mole fractions y A , y B ,..., y B in terms of n A o. «bo, ■ • ■, «eo,&u and ^2- Then substitute in the 
equilibrium relations to derive two simultaneous equations for the two extents of reaction. 

(b) One-third of a gram-mole each of C0 2 , 0 2 , and N 2 are charged into a batch reactor and the 
reactor contents equilibrate at 3000 K and 1 atm. Without doing any calculations, prove that 
you have enough information to calculate the component mole fractions of the reactor contents 
at equilibrium. 

(e) Perform the calculation of part (b), using either (i) an equation-solving program or (ii) a spread¬ 
sheet that implements the Newton-Raphson method outlined in Section A.2i of Appendix A. If 
you use the spreadsheet, guess initial values of 0.1 for both & and & 2 and iterate until successive 
estimates of these values differ by less than 0 . 1 %. 

(d) Write a computer program to implement the Newton-Raphson procedure of part (c) for an 
arbitrary starting composition. The program should take input values of n A0 , n B o, «oo. «do, and 
n E o and calculate the total moles and mole fractions of each species at equilibrium, stopping 
when the values of and & 2 each change by less than 0 . 001 % from one iteration to the next. 
Run the program for the following feed mixtures: 


«AQ 

«B0 

«co 

«D0 

n E0 

1/3 

0 

1/3 

1/3 

0 

0 

1/3 

1/3 

1/3 

0 

1/2 

0 

0 

0 

1/2 

1/5 

1/5 

1/5 

1/5 

1/5 


4.55. A mixture (A) in a continuous pharmaceutical manufacturing process contains up to 10 wt% of an 
ingredient R [mass fraction XR A (g R/g A)]. The mixture is subjected to a reaction step in which the 
conversion of R is 99%. The final product (P) must contain 0.75 wt% R. To achieve this goal, a 
fraction/of the A fed to the process bypasses the reactor and combines with the product stream 
leaving the reactor to produce P. A second feed stream (B), which contains no R, enters the reactor 
along with the A not bypassed. The mass flow rates of A and B entering the reactor (not the process) 
are equal. 


♦Computer problem. 
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(B) 

m BO d<g B/h) 

1 kg B/kg A fed to reactor 


(M _ 

rn A0 ( kg A/h) 
.r RA {kg R/kg A) 


(P) 

m P (kg P/h) ' 

0.0075 kg R/kg P 


(a) Without taking a basis of calculation, draw and label a flowchart. Then list the equations you 
are allowed to write for the stream splitting and mixing points and the reactor, and prove that 
the process has two degrees of freedom. (Be careful when counting allowable balances on the 
pre-reactor stream splitting point.) 

(b) Suppose the production rate of the final product, m P , and the mass fraction of R in the process 
feed, x RA , are known. Write a set of equations that may be solved for the rates, m A 0 (kg/h) and 
m B o(kg/h), at which A and B must be fed to the process (not the reactor), and for the fraction of 
the process feed, /(kg bypass/kg fresh feed), that must be bypassed to achieve the desired mass 
fraction of R in the final product (0.0075 kg R/kg P). Do not perform any numerical calculations. 

(c) Suppose dip = 4850 kg P/h and x RA = 0.0500 kg R/kg A. Calculate m A0 , m B o, and /. 

*(d) The desired production rate (dip) and the mass fraction of R in the feed (x RA ) both vary from 
day to day. Use an E-Z Solve parameter sweep to to generate a plot of / versus x RA for di P 
= 4850 kg/h and r RA varying between 0.02 and 0.10. Prove that you would get the same curve 
regardless of the value of dip. 

4.56. A catalytic reactor is used to produce formaldehyde from methanol in the reaction 

CH 3 OH —► HCHO + H 2 

A single-pass conversion of 60.0% is achieved in the reactor. The methanol in the reactor product is 
separated from the formaldehyde and hydrogen in a multiple-unit process. The production rate of 
formaldehyde is 900.0 kg/h. 

(a) Calculate the required feed rate of methanol to the process (kmol/h) if there is no recycle. 

(b) Suppose the recovered methanol is recycled to the reactor and the single-pass conversion re¬ 
mains 60%. Without doing any calculations, prove that you have enough information to de¬ 
termine the required fresh feed rate of methanol (kmol/h) and the rates (kmol/h) at which 
methanol enters and leaves the reactor. Then perform the calculations. 

(c) The single-pass conversion in the reactor, X sp , affects the costs of the reactor (C t ) and the separa¬ 
tion process and recycle line (C s ). What effect would you expect an increased X 5p would have on 
each of these costs for a fixed formaldehyde production rate? {Hint: To get a 100% single-pass 
conversion you would need an infinitely large reactor, and lowering the single-pass conversion 
leads to a need to process greater amounts of fluid through both process units and the recycle 
line.) What would you expect a plot of (C r + C s ) versus X, p to look like? What does the design 
specification X sp = 60% probably represent? 

4.57. Methanol is produced by reacting carbon monoxide and hydrogen. A fresh feed stream contain¬ 
ing CO and H 2 joins a recycle stream and the combined stream is fed to a reactor. The reactor 
outlet stream flows at a rate of 350 mol/min and contains 10.6 wt% H 2 , 64.0 wt% CO, and 25.4 
wt% CH 3 OH. (Notice that those are percentages by mass, not mole percents.) This stream enters a 
cooler in which most of the methanol is condensed. The liquid methanol condensate is withdrawn 
as a product, and the gas stream leaving the condenser—which contains CO, H 2 , and 0.40 mole% 
uncondensed CH 3 OH vapor—is the recycle stream that combines with the fresh feed. 

(a) Without doing any calculations, prove that you have enough information to determine (i) the 
molar flow rates of CO and H 2 in the fresh feed, (ii) the production rate of liquid methanol, and 
(iii) the single-pass and overall conversions of carbon monoxide. Then perform the calculations 


'Computer problem. 
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(b) After several months of operation, the flow rate of liquid methanol leaving the condenser begins 
to decrease. List at least three possible explanations of this behavior and state how you might 
check the validity of each one. (What would you measure and what would you expect to find if 
the explanation is valid?) 

458. Methane reacts with chlorine to produce methyl chloride and hydrogen chloride. Once formed, the 
methyl chloride may undergo further chlorination to form methylene chloride (CH 2 CI 2 ), chloro¬ 
form, and carbon tetrachloride. 

A methyl chloride production process consists of a reactor, a condenser, a distillation column, 
and an absorption column. A gas stream containing 80.0 mole% methane and the balance chlorine is 
fed to the reactor. In the reactor a single-pass chlorine conversion of essentially 100% is attained, the 
mole ratio of methyl chloride to methylene chloride in the product is 5:1, and negligible amounts 
of chloroform and carbon tetrachloride are formed. The product stream flows to the condenser. 
Two streams emerge from the condenser: the liquid condensate, which contains essentially all of the 
methyl chloride and methylene chloride in the reactor effluent, and a gas containing the methane 
and hydrogen chloride. The condensate goes to the distillation column in which the two component 
species are separated. The gas leaving the condenser flows to the absorpt ion column where it contacts 
an aqueous solution. The solution absorbs essentially all of the HC1 and none of the CH 4 in the feed. 
The liquid leaving the absorber is pumped elsewhere in the plant for further processing, and the 
methane is recycled to join the fresh feed to the process (a mixture of methane and chlorine). The 
combined stream is the feed to the reactor. 

(a) Choose a quantity of the reactor feed as a basis of calculation, draw and label a flowchart, and 
determine the degrees of freedom for the overall process and each s ingle unit and stream mixing 
point. Then write in order the equations you would use to calculate the molar flow rate and molar 
composition of the fresh feed, the rate at which HC1 must be removed in the absorber, the methyl 
chloride production rate, and the molar flow rate of the recycle stream. Do no calculations. 

(b) Calculate the quantities specified in part (a), either manually or with an equation-solving pro¬ 
gram. 

(c) What molar flow rates and compositions of the fresh feed and the recycle stream are required 
to achieve a methyl chloride production rate of 1000 kg/h? 

459. Ethylene oxide is produced by the catalytic oxidation of ethylene: 

2C 2 H 4 + 0 : —+ 2C 2 H 4 0 

An undesired competing reaction is the combustion of ethylene: 

C 2 H4 + 30 2 —► 2C0 2 + 2H 2 0 

The feed to the reactor (not the fresh feed to the process) contains 3 moles of ethylene per mole 
of oxygen. The single-pass conversion of ethylene is 20%, and for every 100 moles of ethylene con¬ 
sumed in the reactor, 90 moles of ethylene oxide emerges in the reactor products. A multiple-unit 
process is used to separate the products: ethylene and oxygen are recycled to the reactor, ethylene 
oxide is sold as a product, and carbon dioxide and water are discarded. 

(a) Assume a quantity of the reactor feed stream as a basis of calculation, draw and label the 
flowchart, perform a degree-of-freedom analysis, and write the equations you would use to cal¬ 
culate (i) the molar flow rates of ethyiene and oxygen in the fresh feed, (ii) the production rate 
of ethyiene oxide, and (iii) the overall conversion of ethylene. Do no calculations. 

(b) Calculate the quantities specified in part (a), either manually or with an equation-solving pro¬ 
gram. 

(c) Calculate the molar flow rates of ethylene and oxygen in the fresh feed needed to produce 1 ton 
per hour of ethylene oxide. 

4.60. Methanol is synthesized from carbon monoxide and hydrogen in a catalytic reactor. The fresh feed 
to the process contains 32.0 mole% CO, 64.0% H 2 , and 4.0% N 2 . This stream is mixed with a recycle 
stream in a ratio 5 mol recycle/1 mol fresh feed to produce the feed to the reactor, which contains 
13.0 mole% N 2 . A low single-pass conversion is attained in the reactor. The reactor effluent goes 
to a condenser from which two streams emerge: a liquid product stream containing essentially all 
the methanol formed in the reactor, and a gas stream containing all the CO, H 2 , and N 2 leaving the 
reactor. The gas stream is split into two fractions: one is removed from the process as a purge stream, 
and the other is the recycle stream that combines with the fresh feed to the reactor. 
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(a) For a basis of 100 mol fresh feed/h, calculate the production rate of methanol (mol/h), the molar 
flow rate and composition of the purge gas, and the overall and single-pass conversions. 

(b) Briefly explain in your own words the reasons for including (i) the recycle stream and (u) the 
purge stream in the process design. 

4.61. The fresh feed to an ammonia production process contains nitrogen and hydrogen in stoichiometric 
proportion, along with an inert gas (I). The feed is combined with a recycle stream containing the 
same three species, and the combined stream is fed to a reactor in which a low single-pass conver¬ 
sion of nitrogen is achieved. The reactor effluent flows to a condenser. A liquid stream containing 
essentially all of the ammonia formed in the reactor and a gas stream containing all the inerts and 
the unreacted nitrogen and hydrogen leave the condenser. The gas stream is split into two fractions 
with the same composition: one is removed from the process as a purge stream, and the other is the 
recycle stream combined with the fresh feed. In every stream containing nitrogen and hydrogen . the 
two species are in stoichiometric proportion. 


Recycle 


Purge 



(a) Let *io be the mole fraction of inerts in the fresh feed, / sp the single-pass conversion of nitrogen 
(and of hydrogen) in the reactor, and y p the fraction of the gas leaving the condenser that is 
purged (mol purged/mol total). Taking a basis of 1 mol fresh feed, draw and fully label a process 
flowchart, incorporating *io, / sp > and y p in the labeling to the greatest possible extent. Then, 
assuming that the values of these three variables are given, write a set of equations for the total 
moles fed to the reactor ( n r ), moles of ammonia produced (n P ), and overall nitrogen conversion 
(/ ov ). Each equation should involve only one unknown variable, which should be circled. 

(b) Solve the equations of part (a) for *io = 0.01,/ sp = 0.20, and y p = 0.10. 

(c) Briefly explain in your own words the reasons for including (i) the recycle stream and (ii) the 
purge stream in the process design. 

*(d) Write a spreadsheet program to perform the calculations of part (a) for given values of *io. / sp > 
and y p . Test it with the values in part (b). Then in successive rows of the spreadsheet, vary each 
of the three input variables two or three times, holding the other two constant. The first six 
columns and first five rows of the spreadsheet should appear as follows: 


xio 

fsp 

yp 

nr 

np 

fov 

0.01 

0.20 

0.10 




0.05 

0.20 

0.10 




0.10 

0.20 

0.10 




0.01 

0.30 

0.10 





Summarize the effects on ammonia production (n p ) and reactor throughput (n r ) of changing 
each of the three input variables. 

4.62. Iso-octane is produced in the reaction of isobutane and butylene in an emulsion with concentrated 
sulfuric acid: 

1-C4H10 + C4H8 —*■ (-CgHig 


♦Computer problem. 
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The fresh feed to the process flows at a rate of60,000 kg/h and contains 25.0 mole % isobutane, 25.0% 
butylene, and 50.0% n-butane, which is chemically inert in this process. The fresh feed combines with 
three separate recycle streams, as shown in the flowchart, and the combined stream enters the reac¬ 
tor. Essentially all of the butylene fed to the reactor is consumed. A portion of the reactor effluent 
is recycled to the reactor inlet and the remainder passes to a decanter, in which the aqueous (sulfu¬ 
ric acid) and hydrocarbon phases are allowed to separate. The acid is recycled to the reactor, and 
the hydrocarbons pass to a distillation column. The overhead from the column contains iso-octane 
and n-butane, and the bottoms product, which is recycled to the reactor, contains only isobutane. 
The stream entering the reactor contains 200 moles of isobutane per mole of butylene, and 2 kg of 
91 wt% H 2 S0 4 (aq) per kg of hydrocarbon. The stream obtained by combining the fresh feed and 
isobutane recycle contains 5.0 moles of isobutane per mole of butylene. 

You wish to determine the molar flow rates (kmol/h) of each component of the fresh feed, the 
product stream, and the emulsion, isobutane, and acid recycle streams. 

(a) Draw and completely label a flowchart of the process, perform degree-of-freedom analyses on 
the overall process and subprocesses, and write the equations you would use to determine the 
required flow rates. ( Suggestion: Begin by calculating the total molar flow rate of the fresh feed 
stream.) 

(b) Perform the calculations. 

(c) List the assumptions in this problem that are not likely to be fully satisfied in practice. 

*4.63. Ethyl acetate (A) undergoes a reaction with sodium hydroxide (B) to form sodium acetate and ethyl 
alcohol: 

CH 3 COOC 2 H 5 + NaOH —* CH 3 COONa + C 2 H 5 OH 
(A) (B) 

The reaction is carried out at steady state in a series of stirred-tank reactors. The output from the i th 
reactor is the input to the (i + l)st reactor. The volumetric flow rate between the reactors is constant 
at i>(L/min), and the volume of each tank is V(L). 



The concentrations of A and B in the feed to the first tank are C A o and C B o (mol/L). The tanks are 
stirred sufficiently for their contents to be uniform throughout, so that C A and C B in a tank equal 
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C A and C B in the stream leaving that tank. The rate of reaction is given by the expression 
/ mol A or B reacting \ _ kC c 
^ min • L / 

where fc[L/(molmin)] is the reaction rate constant. 

(a) Write a material balance on A in the ith tank, and show that it yields 

Caj-i = C Ai + /ctCa,Cb< 

where r = V/v is the mean residence time in each tank. Then write a balance on B in the tth 
tank and subtract the two balances, using the result to prove that 
Cb, — Ca; = Cbo “ C A o, all i 

(b) Use the equations derived in part (a) to prove that 

C Ati -i = C A , + kr C A ,(C Ai + C B o ~ C A0 ) 
and from this relation derive an equation of the form 

aC li + JSC A( +7 = 0 

where a, j 3 , and y are functions of k. C A o> Cbo, C A ,i-i, and r. Then write the solution of this 
equation for C Ai . 

(c) Write a spreadsheet or computer program to calculate JV, the number of tanks needed to achieve 
a fractional conversion x AN s at the outlet of the final reactor. Your program should im¬ 
plement the following procedure: 

(i) Take as input values of k, v, V, C A o (moI/L), CBo(moi/L), and x A f. 

(ii) Use the equation for C Ai derived in part (b) to calculate C A1 ; then calculate the correspond¬ 
ing fractional conversion x M . 

(iii) Repeat the procedure to calculate C A 2 and x A h then C A 3 and jcaj, continuing until s 

*Af- 

Test the program supposing that the reaction is to be carried out at a temperature at which k = 
36.2 U(mol-min), and that the other process variables have the following values: 

Feed concentration: C A o = 5.0 g/L ( = ??? mol/L) 

Cbo = 0.10 molar ( = ??? mol/L) 

Throughput: v = 5000 L/min 
Tank volume: V = 2000 L 

Use the program to calculate the required number of tanks and the final fractional conversion 
for the following values of the desired minimum final fractional conversion, x Af : 0.50,0.80,0.90, 
0.95, 0.99, 0.999. Briefly describe the nature of the relationship between N and x A f and what 
probably happens to the process cost as the required final fractional conversion approaches 1.0. 
Hint: If you write a spreadsheet, it might appear in part as follows: 


Spreadsheet for Problem 4-63 



~1 







k = 

36.2 

; N 

gamma 

CA(N) 

xA(N) 

v = 

5000 

5 1 

-5.670E—02 

2.791E-02 

0.5077 

v = 

2000 

i 2 

-2.791E—02 

1.512E—02 

0.7333 

CAO = 

0.0567 

! 3 




CBO = 

0.1000 

i 




alpha = 

14.48 




! 

beta = 

1.6270 







i ; 
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(d) Suppose a 95% conversion is desired. Use your program to determine how the required number 
of tanks varies as you increase (i) the rate constant, k ; (ii) the throughput, i>\ and (iii) the indi¬ 
vidual reactor volume, V. Then briefly explain why the results you obtain make sense physically. 

4.64. A gas contains 80.0 wt% propane, 15.0 wt% n-butane, and the balance water. 

(a) Calculate the molar composition of this gas on both a wet and a dry basis and the ratio (mol 
H 2 0/mol dry gas). 

(b) If 100 kg/h of this fuel is to be burned with 30% excess air, what is the required air feed rate 
(kmol/h)? How would the answer change if the combustion were only 75% complete? 

4.65. Five liters of liquid n-hexane and 4 liters of liquid n-heptane are mixed and burned with 4000 gram- 
moles of air. Not all of the hydrocarbons are burned in the furnace, and both CO and C0 2 are 
formed. If it is possible to do so without additional information, calculate the percent excess air 
supplied to the furnace; if more information is needed, state what it is and outline the calculation of 
the percent excess air. 

4.66. A fuel gas produced by gasifying coal is to be burned with 20% excess air. The gas contains 50.0 
mole% nitrogen and the balance carbon monoxide and hydrogen. A sample of the gas is passed 
through an infrared spectrometer, which registers a signal R that depends on the mole fraction of 
carbon monoxide in the sample, and a reading R = 38.3 is recorded. 

Analyzer calibration data are as follows: 


x(mol CO/mol) 

0.05 

0.10 

0.40 

0.80 

1.00 

R 

10.0 

17.0 

49.4 

73.6 

99.7 


A power law (x = aR b ) should be suitable for fitting the calibration data. Derive the equation re¬ 
lating x and R (use a graphical method), and then calculate the molar flow rate of air required for a 
fuel feed rate of 175 kmol/h, assuming that CO and H 2 are oxidized but N 2 is not. 

4.67. Natural gas containing a mixture of methane, ethane, propane, and butane is burned in a furnace 
with excess air. 

(a) One hundred kmol/h of a gas containing 94.4 mole% methane, 3.40% ethane, 0.60% propane, 
and 0.50% butane is to be burned with 17% excess air. Calculate the required molar flow rate. 
of the air. 

(b) Let 


«f(kmol/h) = molar flow of the fuel gas 
*i > x 2 , -*3. *4, — mole fractions of methane, ethane, propane, 
and butane, respectively, in the fuel 
Pus = percent excess air 

n a (kmol/h) = molar flow rate of the air fed to the furnace 

Derive an expression for « a in terms of the other variables. Check your formula with the results 
of part (a). 

(c) Suppose the feed rate and composition of the fuel gas are subject to periodic variations, and a 
process control computer is to be used to adjust the flow rate of air to maintain a constant per¬ 
centage excess. A calibrated electronic flowmeter in the fuel gas line transmits a signal R f that is 
directly proportional to the flow rate (n { = a R f ), with a flow rate of 75.0 kmol/h yielding a signal 
R { - 60. The fuel gas composition is obtained with an on-line gas chromatograph. A sample of 
the gas is injected into the gas chromatograph (GC), and signals A u A 2 , A 3> and A 4 , which are 
directly proportional to the moles of methane, ethane, propane, and butane, respectively, in the 
sample, are transmitted. (Assume the same proportionality constant for all species.) The control 
computer processes these data to determine the required air flow rate and then sends a signal J? a 
to a control valve in the air line. The relationship between R„ and the resulting air flow rate, h a , 
is another direct proportionality, with a signal R 1 = 25 leading to an air flow rate of 550 kmol/h. 


♦Computer problem. 
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Equipment 

Encyclopedia 

boiler 



Student 

Workbook 


• 

Equipment 

Encyclopedia 

gas chromatograph 


Write a spreadsheet or computer program to perform the following tasks: 

(i) Take as input the desired percentage excess and values of Rf, At, A 2 , A 3 , and A 4 . 

(ii) Calculate and print out hf, xt, x 2 , xj, x 4 , n„, and R 3 . 

Test your program on the data given below, assuming that 15% excess air is required in all 
cases. Then explore the effects of variations in P xs and R { on h 3 for the values of A x - a 4 given 
on the third line of the data table. Briefly explain your results. 


Rf 

Ai 

a 2 

A 3 

a 4 

62 

248.7 

19.74 

6.35 

1.48 

83 

305.3 

14.57 

2.56 

0.70 

108 

294.2 

16.61 

4.78 

2.11 


(d) Finally, suppose that when the system is operating as described, stack gas analysis indicates that 
the air feed rate is consistently too high to achieve the specified percentage excess. Give several 
possible explanations. 

4.68. Butane is burned with air. No carbon monoxide is present in the combustion products. 

(a) Use a degree-of-freedom analysis to prove that if the percentage excess air and the percentage 
conversion of butane are specified, the molar composition of the product gas can be determined. 

(b) Calculate the molar composition of the product gas for each of the following three cases: (i) 
theoretical air supplied, 100% conversion of butane; (ii) 20% excess air, 100% conversion of 
butane; and (iii) 20% excess air, 90% conversion of butane. 

4.69. A mixture of 75 mole% propane and 25 mole% hydrogen is burned with 25% excess air. Fractional 
conversions of 90% of the propane and 85% of the hydrogen are achieved; of the propane that 
reacts, 95% reacts to form C0 2 and the balance reacts to form CO. The hot combustion product gas 
passes through a boiler in which heat transferred from the gas converts boiler feedwater into steam. 

(a) Calculate the concentration of CO (ppm) in the stack gas. 

(b) The CO in the stack gas is a pollutant. Its concentration can be decreased by increasing the per¬ 
cent excess air fed to the furnace. Think of at least two costs of doing so. (Hint: The heat released 
by the combustion goes into heating the combustion products, and the higher the combustion 
product temperature, the more steam is produced.) 

4.70. n-Pentane is burned with excess air in a continuous combustion chamber. 

(a) A technician runs an analysis and reports that the product gas contains 0.270 mole% pentane, 
5.3% oxygen, 9.1% carbon dioxide, and the balance nitrogen on a dry basis. Assume 100 mol 
of dry product gas as a basis of calculation, draw and label a flowchart, perform a degree-of- 
freedom analysis based on atomic species balances, and show that the system has -1 degrees of 
freedom. Interpret this result. 

(b) Use balances to prove that the reported percentages could not possibly be correct. 

(c) The technician reruns the analysis and reports new values of 0.304 mole% pentane, 5.9% oxygen, 
10.2% carbon dioxide, and the balance nitrogen. Verify that this result could be correct and, 
assuming that it is, calculate the percent excess air fed to the reactor and the fractional conversion 
of pentane. 

4.71. Liquid methanol is fed to a space heater at a rate of 12.0 L/h and burned with excess air. The product 
gas is analyzed and the following dry-basis mole percentages are determined: CH 3 OH = 0.45%, 
C0 2 = 9.03%, and CO = 1.81%. 

(a) Draw and label a flowchart and verify that the system has zero degrees of freedom. 

(b) Calculate the fractional conversion of methanol, the percentage excess air fed, and the mole 
fraction of water in the product gas. 

(c) Suppose the combustion products are released directly into a room. What potential problems 
do you see and what remedies can you suggest? 

4.72. A gas containing methane, ethane, and carbon dioxide is analyzed with a gas chromatograph (GC) 
and flame ionization detector (FID): the GC separates the components of the gas, and the FID reg¬ 
isters signals proportional to the amount of each hydrocarbon (but not C0 2 ) in its sample chamber. 
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The output of the FID is as follows: 



The area under each peak is proportional to the number of carbon atoms in the sample, so that 1 
mol of ethane would yield a peak with twice the area of a peak corresponding to 1 mol of methane. 

This fuel is being burned with air in a continuous combustion chamber. The molar feed ratio 
of air to fuel was supposed to be 7:1, but you suspect the air flowmeter is not functioning properly. 
To check it, you take a 0.50-mol sample of the product gas and pass it through a condenser, which 
condenses essentially all of the water in the sample. The condensate (which can be assumed to be 
pure water) is weighed and found to have a mass of 1.134 g. The dry gas leaving the condenser is 
analyzed and found to contain no hydrocarbons, no CO, and 11.9% C0 2 . 

(a) Calculate the molar composition (component mole fractions) of the fuel gas and the desired 
percent excess air. 

(b) Calculate the actual molar feed ratio of air to fuel and the actual percent excess air. 

4.73. A mixture of propane and butane is burned with pure oxygen. The combustion products contain 
47.4 mole% H 2 0. After all the water is removed from the products, the residual gas contains 69.4 
mole% C0 2 and the balance 0 2 . 

(a) What is the mole percent of propane in the fuel? 

(b) It now turns out that the fuel mixture may contain not only propane and butane but also other 
hydrocarbons. All that is certain is that there is no oxygen in the fuel. Use atomic balances to 
calculate the elemental molar composition of the fuel from the given combustion product anal¬ 
ysis (i.e., what mole percent is C and what percent is H). Prove that your solution is consistent 
with the result of part (a). 

4.74. A fuel oil is analyzed and found to contain 85.0 wt% carbon, 12.0% elemental hydrogen (H), 1.7% ' 
sulfur, and the remainder noncombustible matter. The oil is burned with 20.0% excess air, based on 
complete combustion of the carbon to C0 2 , the hydrogen to H 2 Q, and the sulfur to S0 2 .The oil is 
burned completely, but 8% of the carbon forms CO. Calculate the molar composition of the stack 
gas. 

4.75. The analysis of a coal indicates 75 wt% C, 17% H, 2% S, and the balance noncombustible ash. The 
coal is burned at a rate of 5000 kg/h, and the feed rate of air to the furnace is 50 kmol/min. All of the 
ash and 6% of the carbon in the fuel leave the furnace as a molten slag; the remainder of the carbon 
leaves in the stack gas as CO and C0 2 ; the hydrogen in the coal is oxidized to water, and the sulfur 
emerges as S0 2 . The selectivity of C0 2 to CO production is 10:1. 

(a) Calculate the percent excess air fed to the reactor. 

(b) Calculate the mole fractions of the gaseous pollutants—CO and S0 2 —in the stack gas. 

(c) Emitted sulfur dioxide by itself is a health hazard, but it is a more serious threat to the envi¬ 
ronment as a precursor to acid rain. Under the catalytic action of sunlight, the sulfur dioxide is 
oxidized to sulfur trioxide, which in turn combines with water vapor to form sulfuric acid, which 
eventually returns to earth as rainfall. Acid rain formed in this manner has caused extensive 
damage to forests, fields, and lakes in many parts of the world. For the furnace described above, 
calculate the rate of formation of sulfuric acid (kg/h) if all the emitted SO, is converted in the 
indicated manner. 

4.76. The composition of a coal is determined by a proximate analysis. The coal is first finely ground and 
air-dried. Samples of the dried coal are then subjected to several operations, with the sample weights 
being recorded before and after each operation. Moisture content is determined as the weight loss 
when a sample is held at 105°C in an oxygen-free atmosphere for roughly 2 h, added to the weight 
loss in the initial drying step. Volatile matter (primarily organic tars) is determined by holding a 
sample at 925°C in an oxygen-free atmosphere for 7 min and subtracting the moisture loss from the 
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total weight loss. Ash (or mineral matter—oxides and sulfates of silicon, aluminum, iron, calcium, 
sulfur, and trace minerals) is the residue that remains after a sample has been heated to 800°C in an 
oxygen-containing atmosphere until all the organic matter has been burned away. Fixed carbon is 
what is present in coal besides moisture, volatile matter, and ash. 

(a) Use the following proximate analysis data to determine the percentages by mass of moisture, 
fixed carbon, volatile matter, and ash in a coal: 


1.207 g 


air-dry 

25°C,"l2h 


1.147 g 


The remaining tests are performed on air-dried samples. 


• 

Equipment 

Encyclopedia 

absorber 


1.234 g 
1.347 g 
1.175 g 


105°C, N 2 
2 h 

925°C, N; 
7 min 


1.204 g 

0.811 g 


800°C, O; 
lh 


0.111 g 


(b) If the mass ratio of C to H in the volatile matter is 6:1, calculate the gram-moles of air theoreti¬ 
cally required to burn 1 metric ton of this coal. 

4.77. The product gas from a solid fuel combustion reaction has the following dry-basis molar composition: 
72.0% CO?, 2.57% CO, 0.0592% SO?, and 25.4% 0 2 . Pure oxygen is fed to the furnace in 20% excess 
of that required to burn the fuel completely. There is no oxygen in the fuel. Calculate the elemental 
composition (mole% of the various elements) of the fuel, stating any assumptions you have to make 
to arrive at your answer. 

4.78. A fuel oil is fed to a furnace and burned with 25% excess air. The oil contains 87.0 wt% C, 10.0% H, 
and 3.0% S. Analysis of the furnace exhaust gas shows only N 2 ,0 2 , CO?, SO?, and H 2 0. The sulfur 
dioxide emission rate is to be controlled by passing the exhaust gas through a scrubber, in which 
most of the S0 2 is absorbed in an alkaline solution. The gases leaving the scrubber (all of the N 2 , 
0 2 , and CO?, and some of the H 2 0 and S0 2 entering the unit) pass out to a stack. The scrubber has 
a limited capacity, however, so that a fraction of the furnace exhaust gas must be bypassed directly 
to the stack. 

At one point during the operation of the process, the scrubber removes 90% of the S0 2 in the 
gas fed to it, and the combined stack gas contains 612.5 ppm (parts per million) S0 2 on a dry basis; 
that is, every million moles of dry stack gas contains 612.5 moles of SO?. Calculate the fraction of 
the exhaust bypassing the scrubber at this moment. 

4.79. You have been sent by the Environmental Protection Agency to measure S0 2 emissions from a small 
industrial power plant. You withdraw and analyze a gas sample from the boiler stack and obtain the 
following composition: 75.66% N 2 , 10.24% C0 2 , 8.27% H 2 0, 5.75 % 0 2 , and 0.0825% SO?. You 
show these figures to the plant superintendent next day, and she insists they must be wrong, since 
the fuel was a natural gas containing methane and ethane, and no sulfur. You ask if they ever burn 
another fuel, and the superintendent replies that they sometimes use a fuel oil but the plant log 
shows that they were not doing so when the measurements were made. You do some calculations 
and prove that the oil and not the gas must have been the fuel; the superintendent checks further 
and discovers that the plant log is in error and you are right. 

(a) Calculate the mole ratio of carbon to hydrogen in the fuel, and use the result to prove that the 
fuel could not have been the natural gas. 

(b) Calculate the mass ratio of carbon to hydrogen and the weight% of sulfur in the fuel, assuming 
that C, H, and S are the only elements present. Then use the results in conjunction with the 
ultimate fuel oil analyses in Table 27-6 on p. 27-10 of Perry’s Chemical Engineers’ Handbook, 
7th Edition, to deduce the most probable classification of the fuel oil. 

4.80. Fuel oils contain primarily organic compounds and sulfur. The molar composition of the organic 
fraction of a fuel oil may be represented by the formula C p H q O,\ the mass fraction of sulfur in the 
fuel is x s (kg S/kg fuel); and the percentage excess air, P xi , is defined in terms of the theoretical air 
required to burn only the carbon and hydrogen in the fuel. 

(a) For a certain high-sulfur No. 6 fuel oil, p = 0.71, q = l.i, r = 0.003, and x s = 0.02. Calculate 
the composition of the stack gas on a dry basis if this fuel is burned with 18% excess air, assuming 
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complete combustion of the fuel to form CO 2 , SO 2 , and H 2 0 and expressing the SO 2 fraction 
as ppm (mol SCV10 6 mol dry gas). 

*(b) Create a spreadsheet to calculate the mole fractions of the stack gas components on a dry basis 
for specified values of p, q, r, x$, and P„. The output should appear as follows: 


| Solution to Problem 4-80 






Run 

1 

2 


P 

0.71 

0.71 


q 

1.1 

1.1 


r 

0.003 

0.003 


xS 

0.02 

0.02 


Pxs 

18% 

36% 






y(C02) 

13.4% 



y(02) 




y(N2) 




ppm S02 

1165 




(Rows below the last one shown can be used to calculate intermediate quantities.) Execute 
enough runs (including the two shown above) to determine the effect on the stack gas composi¬ 
tion of each of the five input parameters. Then for the values of p , q, r, and xs given in part (a), 
find the minimum percentage excess air needed to keep the dry-basis S0 2 composition below 
700 ppm. (Make this the last run in the output table.) 

You should find that for a given fuel oil composition, increasing the percentage excess air 
decreases the S0 2 concentration in the stack gas. Explain why this should be the case. 

(c) Someone has proposed using the relationship between P xs and ppm S0 2 as the basis of a pol¬ 
lution control strategy. The idea is to determine the minimum acceptable concentration of S0 2 
in the stack gas, then run with the percentage excess air high enough to achieve this value. Give 
several reasons why this is a poor idea. 


’Computer problem. 
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Most of the material balance problems in Chapter 4 could be solved entirely from information 
given in the problem statements. As you will come to discover, problems in process analysis are 
rarely so conveniently self-contained; before you can carry out a complete material balance on 
a process, you usually must determine various physical properties of the process materials and 
use these properties to derive additional relations among the system variables. The following 
methods can be used to determine a physical property of a process material: 

Look It Up. When you need a value for a physical property of a substance—whether it be 
a density, vapor pressure, solubility, or heat capacity—there is a good chance that someone, 
somewhere has measured this property and published the result. Since experiments are usually 
costly and time consuming, a reliable source of physical property data is an invaluable asset in 
process analysis. Four excellent sources of data are the following: 

Perry’s Chemical Engineers’ Handbook, 7th Edition, R. H. Perry and D. W. Green, Eds., 
McGraw-Hill, New York, 1997. 

CRC Handbook of Chemistry and Physics, 79th Edition, D. Lide, Ed., Chemical Rubber Com¬ 
pany, Boca Raton, FL, 1998. 

TRC Databases in Chemistry and Engineering. TRC Thermodynamic Tables Version 1.0. Ther¬ 
modynamic Research Center, Texas A&M University, College Station, Texas, 1994. This is a 
continuation of the American Petroleum Institute Project 44: “Selected Values of the Prop¬ 
erties of Hydrocarbons and Related Compounds.” 

T. E. Daubert and R. P. Danner, Physical and Thermodynamic Properties of Pure Chemicals: 
Data Compilation, Hemisphere Publishing Corporation, New York, 1991. This is a hard-copy 
version of the Design Institute of Physical Properties Research (DIPPR) Data Compilation. 

If the desired information cannot be found in these references, the species in question can be 
looked up in the index of Chemical Abstracts in an effort to locate data in the open literature. 

Estimate It. There are a relatively small number of atomic elements and a much larger but 
still countable number of molecular species of interest to chemical engineers. Chemical species 
can be combined into mixtures in an infinite number of ways, however, and it is clearly impos¬ 
sible to tabulate physical property data for even a small fraction of the possible combinations. 
Moreover, even when data are found they are likely to have been determined for conditions 
other than the ones for which you need them. Reid, Prausnitz, and Poling 1 summarize a large 
number of empirical correlations that express physical properties of a mixture in terms of the 


‘R. C. Reid, J. M. Prausnitz, and B. E. Poling, The Properties of Gases and Liquids, 4th Edition, McGraw-Hill, 
New York, 1986. 
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pure-component properties and the mixture composition. These correlations can be used to 
estimate physical properties when no data are available and to extrapolate available data to 
conditions other than the ones at which the data were obtained. 

Measure It. When no information on a particular physical property of a substance can be 
found in the literature or when the property must be known with a precision greater than that 
provided by general estimation formulas, the only recourse is to determine the property exper¬ 
imentally. Information on experimental techniques for measuring physical properties can be 
found in any of numerous texts on experimental physical, organic, and analytical chemistry. 

Density is a frequently needed physical property of a process fluid. For example, engineers 
often know volumetric flow rates (V) of process streams from flowmeter readings but need to 
know mass flow rates ( m ) or molar flow rates (n) for material balance calculations. The fac¬ 
tor needed to calculate morn from V is the density of the stream. This chapter illustrates the 
uses of both tabulated data and estimation formulas for calculating densities. Section 5.1 con¬ 
cerns solids and liquids; Section 5.2 covers ideal gases, gases for which the ideal gas equation of 
state (PV = nRT) is a good approximation; and Section 5.3 extends the discussion to nonideal 
gases. 


5.0 INSTRUCTIONAL OBJECTIVES 

After completing this chapter, you should be able to do the following: 

• Explain in your own words and without the use of jargon (a) the three ways of obtaining 
values of physical properties; (b) why some fluids are referred to as incompressible; (c) the 
“liquid volume additivity assumption” and the species for which it is most likely to be valid; 
(d) the term “equation of state”; (e) what it means to assume ideal gas behavior; (f) what it 
means to say that the specific volume of an ideal gas at standard temperature and pressure is 
22.4 L/mol; (g) the meaning of partial pressure; (h) why volume fraction and mole fraction 
for ideal gases are identical; (i) what the compressibility factor, z , represents, and what its 
value indicates about the validity of the ideal gas equation of state; (j) why certain equations 
of state are referred to as cubic; and (k) the physical meaning of critical temperature and 
pressure (explain them in terms of what happens when a vapor either below or above its 
critical temperature is compressed). 

• For a mixture of liquids with known composition, determine V (or V) from a known m (m) or 
vice versa using (a) tabulated density data for the mixture and (b) pure-component densities 
and an assumption of volume additivity. Derive the density estimation formula for the second 
case (Equation 5.1-1). 

• Given any three of the quantities P, V (or V), n (or «), and T for an ideal gas, (a) calculate the 
fourth one either directly from the ideal gas equation of state or by conversion from standard 
conditions; (b) calculate the density of the gas; and (c) test the assumption of ideality either 
by using a rule of thumb about the specific volume or by estimating a compressibility factor 
and seeing how much it differs from 1. 

• Explain the meaning of “37.5 SCFH” (37.5 standard cubic feet per hour) and what it means 
to say that the flow rate of a gas stream at 120°F and 2.8 atm is 37.5 SCFH. (Why doesn’t this 
statement specify the impossible condition that the gas is at two sets of temperatures and 
pressures simultaneously?) Calculate the true volumetric flow rate of that gas. 

• Given the component partial pressures of an ideal gas mixture and the total gas pressure, 
determine the mixture composition expressed in either mole fractions (or mole percents), 
volume fractions (or % v/v), or mass fractions (or % w/w). 

• Carry out PVT calculations for a gas using (a) the truncated virial equation of state, (b) the 
van der Waals equation of state, (c) the SRK equation of state, and (d) the compressibility 
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factor equation of state with either tabulated compressibility factors or a generalized com¬ 
pressibility chart for a single species and Kay’s rule for a nonideal mixture of gases. 

• Given a description of a process system in which a volumetric flow rate is either specified 
or requested for any process stream, (a) carry out the degree-of-freedom analysis, including 
density estimates for liquid and solid streams and equations of state for gas streams; (b) write 
the system equations and outline the procedure you would use to solve for all requested 
quantities; (c) carry out the calculations; (d) list all your assumptions (e.g., volume additivity 
for liquids or ideal gas behavior) and state whether or not they are reasonable for the given 
process conditions. 


5,1 LIQUID AND SOLID DENSITIES 

Specific gravities of solids and liquids were discussed in Sections 3.1 and 3.2, Values for several 
substances at a single temperature are listed in Table B.l in Appendix B, and more extensive 
tabulations can be found in Perry’s Chemical Engineers’ Handbook? on pp. 2-7 through 2-47 
and 2-91 through 2-120. 

When you heat a liquid or a solid it normally expands (i.e., its density decreases). In most 
process applications, however, it can be assumed with little error that solid and liquid densities 
are independent of temperature. Similarly, changes in pressure do not cause significant changes 
in liquid or solid densities; these substances are therefore termed incompressible. 

Perry’s Chemical Engineers’ Handbook (pp. 2-91 through 2-93) lists densities of liquid wa¬ 
ter and mercury at different temperatures and gives expressions on pp. 2-128 through 2-131 that 
may be used to calculate densities for many other substances at different temperatures. Reid, 
Prausnitz, and Poling (see footnote 1) present a number of methods to estimate the density of 
a liquid for which tabulated densities are not available. Some of these estimation formulas are 
also given in Perry’s Chemical Engineers' Handbook on pp. 2-358 and 2-361. 

The most accurate way to determine the density of a mixture of liquids or a solution of 
a solid in a liquid is from experimental data. Perry’s Chemical Engineers’ Handbook provides 
data for mixtures and solutions of a number of substances on pp. 2-99 through 2-118 and lists 
additional sources of data on p. 2-99. 

In the absence of data, the density p of a mixture of n liquids (Ai,A 2 , ..., A n ) can be esti¬ 
mated from the component mass fractions [x, j and pure-component densities [p,] in two ways. 
First, we might assume volume additivity —that is, if 2 mL of liquid A and 3 mL of liquid B are 
mixed, the resulting volume would be exactly 5 mL. Making this assumption and recognizing 
that component masses are always additive leads to the formula 


1 _ XT 

P * 


(5.1-1) 


Second, we might simply average the pure-component densities, weighting each one by the 
mass fraction of the component: 

p = 2 Xipi (5,1 ' 2) 

; = l 


(Equation 5.1-1 calculates the inverse of the mixture density, or the specific volume of the mix¬ 
ture, as the weighted average of the pure-component specific volumes.) 

One of these estimation formulas might work better for some species and the other might 
work better for other species. For example, Figure 5.1-1 shows densities of both methanol- 
water and sulfuric acid-water mixtures at 20°C. The densities for each pair of components 


J R. H. Perry and D. W. Green, Eds., Perry’s Chemical Engineers’ Handbook, 7th Edition, McGraw-Hill, New 
York. 1997. 
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TEST 

YOURSELF 
(Answers, p. 657) 



SOLUTION 



Figure 5.1-1 Experimental and estimated mixture den¬ 
sities. Experimental values from Perry’s Chemical En¬ 
gineers’ Handbook , p. 2-107 for sulfuric acid-water and 
p. 2-111 for methanol-water, both at 20°C. 


are obtained in three ways: from experimental data in Perry’s Chemical Engineers’ Handbook 
(pp. 2-107 and 2-111), using Equation 5.1-1, and using Equation 5.1-2. Equation 5.1-1 provides 
a slightly better estimate (i.e., values closer to the experimental data) for methanol and water, 
and Equation 5.1-2 provides a much better estimate for sulfuric acid and water. 

Which method should you use? Equation 5.1-1 and the assumption of volume additivity 
work best for mixtures of liquid species with similar molecular structures (e.g., all straight-chain 
hydrocarbons of nearly equal molecular weight, such as n-pentane, n-hexane, and n-heptane). 
There are no general rules for when Equation 5.1-2 works better—all we can do is rely on 
empirical (experimental) findings. 


1. The specific gravity of water is 1.0000 at 4.0°C. A stream of water at 4°C has a mass flow 
rate of 255 g/s. What is its volumetric flow rate? If the stream temperature is raised to 
75°C, does the mass flow rate change? How would you expect the volumetric flow rate 
to change? How would you calculate the volumetric flow rate at 75° C without actually 
measuring it? 

2. The pressure equivalence 14.696 lbf/in. 2 4=> 760 mm Hg is not complete—it should be 
stated as 

14.696 lb { /in. 2 760 mm Hg at 0°C 

Why is it technically necessary to state a temperature? Why is omitting the temperature 
not a serious mistake? 

3. Suppose you mix mf(g) of liquid Ai with density pjCg/cm 3 ), m 2 (g) of liquid A 2 with density 
p 2 > • •.» and m„( g) of liquid A„ with density p„. Assuming that the volumes are additive, 
show that the density of the mixture is given by Equation 5.1-1, 


Determination of a Solution Density 

Determine the density in g/cm 3 of a 50 wt% aqueous solution of H 2 S0 4 at 20°C, both by (1) looking 
up a tabulated value and (2) assuming volume additivity of the solution components. 

1. Look It Up. Perry's Chemical Engineers’ Handbook, pp. 2-107 and 2-108, tabulates specific 
gravities of sulfuric acid solutions. From this table, 

p(50% H 2 S0 4 , 20°C) = 1.3951 g/cm 3 
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2. Estimate It. The pure-component densities are 

p(H 2 0. 20°C) = 0.998 g/cm 3 {Handbook, p. 2-91) 
p(H 2 S0 4 .18°C) = 1.834 g/cm 3 {Handbook, p.2-25) 

We will neglect the density change for H 2 SO 4 between 18°C and 20°C, although Perry’s Chem¬ 
ical Engineers’ Handbook, p. 2-131, gives thermal expansion data for H 2 S0 4 that could be used 
to make this minor correction. We then estimate from Equation 5.1-1: 

1 jp = (0.500/0.998 + 0.500/1.834) cm 3 /g = 0.7736 cm 3 /g 

I 

p = 1.29 g/cm 3 

The density estimated assuming volume additivity thus differs from the true density, given in 
part (1), by [(1.29 - 1.3951)/1.3951] x 100% = -7.3%. Alternatively, we could estimate the 
density from Equation 5.1-2: 

p = (0.500 x 0.998 + 0.500 X 1.834) = 1.42 g/cm 3 

cm J 

This leads to an estimation error of [(1.42 - 1.3951)/1.3951] x 100% = 1.5%. Clearly, the 
accuracy of Equation 5.1-2 is better in this instance than that of Equation 5.1-1. 


5.2 IDEAL GASES 

Looking up a density or specific volume at one temperature and pressure and using it at another 
temperature and pressure usually works well for a solid or a liquid, but not at all for a gas. An 
expression is needed for gases that relates specific volume to temperature and pressure, so that 
if any two of these quantities are known the third can be calculated. 

Typical problems that require a PVT relationship for their solution include the following: 

1. Propane at 120°C and 2.3 bars passes through a flowmeter that reads 250 L/min. What is 
the mass flow rate of the gas? 

2. A pure hydrocarbon gas fills a two-liter vessel at 30°C with an absolute pressure of 
25 atm. How many gram-moles of gas are contained in the vessel? If the mass of the gas 
is 60 g, what might the gas be? 

3. A 20-ft 3 gas cylinder in your laboratory can hold pressures up to 400 atm. The Bourdon 
gauge on the cylinder reads 380 atm one morning when the temperature is 55°F. How high 
can the temperature go before it becomes advisable to move to a different laboratory? 

An equation of state relates the molar quantity and volume of a gas to temperature and 
pressure. The simplest and most widely used of these relationships is the ideal gas equation of 
state (the familiar PV — nRT), which, while approximate, is adequate for many engineering 
calculations involving gases at low pressures. However, some gases deviate from ideal behavior 
at nearly all conditions and all gases deviate substantially at certain conditions (notably at high 
pressures and/or low temperatures). In such cases it is necessary to use more complex equations 
of state for PVT calculations. 

In this section we discuss the ideal gas equation of state and show how it is applied to sys¬ 
tems containing single gaseous substances and mixtures of gases. Section 5.3 outlines methods 
used for a single nonideal gas (by definition, a gas for which the ideal gas equation of state does 
not work well) and for mixtures of nonideal gases. 


5.2a The Ideal Gas Equation of State 

The ideal gas equation of state can be derived from the kinetic theory of gases by assuming that 
gas molecules have a negligible volume, exert no forces on one another, and collide elastically 
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with the walls of their container. The equation usually appears in the form 


where 


PV = nRT 


or 


PV = hRT 


(5.2-1) 


P = absolute pressure of a gas 
V(V) = volume (volumetric flow rate) of the gas 
rt(h) = number of moles (molar flow rate) of the gas 

R - the gas constant, whose value depends on the units of P, V, n, and T 
T - absolute temperature of the gas 

The equation may also be written as 

PV = RT (5.2-2) 

where V = V/ n (or V/h) is the specific molar volume of the gas. 

A gas whose PVT behavior is well represented by Equation 5.2-1 is said to behave as an 
ideal gas or a perfect gas. The use of this equation does not require a knowledge of the gas 
species: 1 mol of an ideal gas at 0°C and l atm occupies 22.415 liters, whether the gas is argon, 
nitrogen, a mixture of propane and air, or any other single species or mixture of gases. 

The gas constant R has units of (pressure x volume)/(mole x temperature); moreover, 
since pressure times volume has units of energy (prove it), R may also be expressed in units of 
(energy)/(mole X temperature). Values of the gas constant expressed in various units are listed 
in the table on the inside back cover of this book. 

The ideal gas equation of state is an approximation. It works well under some conditions— 
generally speaking, at temperatures above about 0°C and pressures below about 1 atm—but 
at other conditions its use may lead to substantial errors. Here is a useful rule of thumb for 
when it is reasonable to assume ideal gas behavior. Let Xy ea i be a quantity calculated using the 
ideal gas equation of state [X = P (absolute), T (absolute), n or V ] and e be the error in the 
estimated value, 

c = ? idea ? ~ x 100% 

^true 

An error of no more than about 1% may be expected if the quantity RT/P (the ideal specific 
molar volume) satisfies the following criterion: 3 
a RT 

|e| < 1% if Vjdeat = -p > 5 L/mol (80 ft 3 /lb-mole) (diatomic gases) (5.2-3a) 

> 20 L/mol (320 ft 3 /lb-mole) (other gases) (5.2-3b) 



The Ideal Gas Equation of State 


One hundred grams of nitrogen is stored in a container at 23.0°C and 3.00 psig. 

1. Assuming ideal gas behavior, calculate the container volume in liters. 

2. Verify that the ideal gas equation of state is a good approximation for the given conditions. 


SOLUTION 


1. The ideal gas equation of state relates absolute temperature, absolute pressure, and the quan¬ 
tity of a gas in moles. We therefore first calculate 


100.0 g 
28.0 g/mol 


= 3.57 mol 


T = 296 K 


3 0. A. Hougen, K. M. Watson, and R. A. Ragatz, Chemical Process Principles. Part I. Material and Energy 
Balances, 2nd Edition, John Wiley & Sons, New York, 1956, p. 67. 
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TEST 

YOURSELF 
(Answers, p. 657) 


and (assuming P atm = 14,7 psia) P = 17.7 psia. Then from the ideal gas equation of state 


, nRT 

Valuers) = ~y- 

_ (3.57 mol)(296 K) 1 

/{(liter psia) 

17.7 psia | 

Unfortunately, the table of gas constants at the bad 
R with this particular set of units. In its absence, we 
necessary additional unit conversions. 

v _ (3.57 mol)(296 K) 0.08206 liter-atm 

(mol-K) 

c of this book does not list the value of 
use an available value and carry out the 

14.7 psi | 

* — m n i:»— I 

17.7 psi mol-K 

' jl ,u liters 

atm - —1 


2. To check the assumption of ideal gas behavior for Nj (a diatomic gas), we apply Criterion 
5.3-a. Since we have already determined n and V ideaij we can determine l? ideai = V idea |/rt rather 
than as RT/P. (Both calculations yield the same value, which you might want to verify for 
yourself.) 

- V 72.0 L 

^ideai —--: = 20.2 L/mol > 5 L/mol 

n 3.57 mol 

Since the calculated value of Vyeai exceeds the criterion value of 5 L/mol, the ideal gas equation 
of state should yield an error of less than 1 %. 


1. What is an equation of state? What is the ideal gas equation of state? At what conditions 
(high or low temperature, high or low pressure) does the ideal gas equation provide the 
most accurate estimates? 

2. Two gas cylinders have identical volumes and contain gases at identical temperatures and 
pressures. Cylinder A contains hydrogen and cylinder B contains carbon dioxide. Assum¬ 
ing ideal gas behavior, which of the following variables differ for the two gases: (a) number 
of gram-moles, (b) number of molecules, (c) masses, (d) specific molar volumes (L/mol), 
(e) mass densities (g/L)? For each of the quantities that differ, which one is bigger and by 
how much? (Assume ideal gas behavior.) 

3. One hundred grams per hour of ethylene (C 2 H 4 ) flows through a pipe at 1.2 atm and 70°C 
and 100 g/h of butene (C 4 Hs) flows through a second pipe at the same temperature and 
pressure. Which of the following quantities differ for the two gases: (a) volumetric flow 
rate, (b) specific molar volume (L/mol), (c) mass density (g/L)? For each of the quantities 
that differ, which one is bigger and by how much? (Assume ideal gas behavior.) 

4. A gas is stored at T = 200 K and P = 20 atm. Show whether or not the ideal gas equation 
of state would provide an estimate of the specific volume of the gas, V(L/mol), within 1 % 
of the true value. 

The relationship between the density p (mass/volume), temperature, and pressure of an ideal 
gas can be obtained by first relating the specific molar volume, V (volume/mole), to the density. 
Using a specific set of units for illustration, 

-/liters) M (g/mol) 

\ mol J p (g/liter) 

where M is the average molecular weight of the gas (the molecular weight if the gas is a single 
species or Equation3.3-7 for a mixture). Substituting V = M/ p into Equation 5.2-2 and solving 
for p yields 

PM 


(5.2-4) 
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CREATIVITY EXERCISE 

An unlabeled gas cylinder is equipped with a sensitive pressure gauge. Devise several experi¬ 
ments that could be used to estimate the molecular weight of the gas, using only equipment and 
materials likely to be found in the average home or purchasable at a neighborhood hardware 
store. (You may have a sensitive balance if you need one, but you may not assume that the 
average home has its own chemistry laboratory.) 


5.2b Standard Temperature and Pressure 

Doing PVT calculations by substituting given values of variables into the ideal gas equation 
of state is straightforward, but to use this method you must have on hand either a table of 
values of R with different units or a good memory, A way to avoid these requirements is to use 
conversion from standard conditions: 

For an ideal gas at an arbitrary temperature T and pressure P, 

PV - nRT (5.2-1) 


and for the same ideal gas at a specified reference temperature 7 S and pressure P s (referred to 
as standard temperature and pressure, or STP), we may write Equation 5.2-2 as 

P s ? s = RT S 


The first equation divided by the second yields 


PV _ T_ 
PsVs ~ n Ts 


(5.2-5) 


(For a flowing stream, h and V" would replace n and V in this equation.) Since the standard 
conditions (P 5 , T s , t/ s = RTj P s ) are known. Equation 5.2-5 may be used to determine V for 
a given value of n or vice versa. Note that when you use this method you do not need a value 
for R. 

The standard conditions most commonly used are shown in Table 5.2-1. Standard temp¬ 
erature (T s = 0°C ==> 273 K) and standard pressure (P s = 1 atm) are easy to remember. 
You should also commit to memory the following values of the standard specific molar vol¬ 
ume: 




22.4 2^32 
kmol 


<=» 22.4 


L(STP) 

mol 


359 


ft 3 (STP) 
lb-mole 


(5.2-6) 


The term standard cubic meters (or SCM) is often used to denote m 3 (STP), and standard cubic 
feet (or SCF) denotes ft 3 (STP). A volumetric flow rate of 18.2 SCMH means 18.2 m 3 /h at 0°C 
and 1 atm. 


Caution: While standard temperature and pressure for most equation of state calculations are 
0°C and 1 atm, some specialized industries have adopted different values. If you see a reference 
to standard temperature and pressure, try to find out which values were assumed. (In this book 
it is always safe to assume 0°C and 1 atm.) 


Table 5.2-1 Standard Conditions for Gases 


System 

T, 

Ps 


«s 

SI 

273 K 

1 atm 

0.022415 m 3 

1 mol 

CGS 

273 K 

1 atm 

22.415 L 

1 mol 

American Engineering 

492°R 

1 atm 

359.05 ft 3 

1 lb-mole 
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Conversion from Standard Conditions 


Butane (C 4 Hi 0 ) at 360°C and 3.00 atm absolute flows into a reactor at a rate of 1100 kg/h. Calculate 
the volumetric flow rate of this stream using conversion from standard conditions. 


SOLUTION 


As always, molar quantities and absolute temperature and pressure must be used. 


h 


1100 kg/h 
58.1 kg/kmol 


= 19.0 kmol/h 


From Equation 5.2-5 


T = 633 K, P = 3.00 atm 


pv . r 
pA n T, 


V = 




TP, 

T % P 


19.0 kmol 

22.4 m 3 (STP) 

633 K 

1.00 atm 

h 

kmol 

273 K 

3.00 atm 


You will frequently encounter problems that involve gases at two different states (sets 
of conditions)—for example, at the inlet and outlet of a process unit. A convenient way to 
determine an unknown variable (F, V, n, or 7) of the gas at one of the states is to write the 
gas law for both states and divide one equation by the other. Any variables that are the same at 
both points will cancel, leaving an equation containing only the variable you wish to determine 
and known quantities. 


■EXA^^EJSSSS^, Effect of T andP on Volumetric Flow Rates 


Equipment Ten cubic feet of air at 70°F and 1.00 atm is heated to 610°F and compressed to 2.50 atm. What 

Encyclopedia volume does the gas occupy in its final state? 

compressor 


SOLUTION 


Let 1 denote the initial state of the gas and 2 the final state. Note that n x = n z (the number of moles 
of the gas does not change). Assume ideal gas behavior. 


n(lb-mole air) 

PROCESS 

n(lb-mole air) 

v x * io ft 3 

V z (ft 3 ) 

Tj » 70°F (530°RS 


i r 2 = 610^ (1070°R) 

P x = 1 atm 


7*2 = 2.5 atm 


P 2 V 2 = nRT 2 
P x V x = nRT x 


PzVi _ T, 
PiV i T x 



10.0 ft 3 

1.00 atm 

1070°R 


2.50 atm 

530°R 


8.08 ft 3 


You may on occasion be told that the flow rate of a gas stream is, say, 23.8 SCMH [or 
m 3 (STP)/h] at 150°C and 2.5 atm. This looks like a contradiction: How can a gas be at standard 
temperature and pressure (0°C and 1 atm) and at 150°C and 2.5 atm? 

The answer is that it can’t—the gas is not at standard temperature and pressure. A flow 
rate specified in the given manner (23.8 SCMH) is not the true volumetric flow rate of the 
stream at its actual temperature and pressure (150°C and 2.5 atm) but the flow rate that would 
be obtained if the stream were brought from its actual conditions to standard temperature 
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and pressure. From the given value of 23.8 SCMH, you could (a) calculate the molar flow rate 
(kmol/h) by dividing 23.8 m 3 /h by 22.4 m 3 (STP)/kmol, or (b) calculate the true volumetric flow 
rate (m 3 /h) by multiplying 23.8 m 3 /h by (423 K/273 K) (l atm/2.5 atm). (Convince yourself of 
both of these claims.) 

EXAMPLE 512-41 Standard and True Volumetric Flow Rates 


The flow rate of a methane stream at 285°F and 1.30 atm is measured with an orifice meter. The 
calibration chart for the meter indicates that the flow rate is 3.95 x 10 s SCFH. Calculate the molar 
flow rate and the true volumetric flow rate of the stream. 


SOLUTION 


Recall that SCFH means ft 3 (STF)/h. 


h 


3.95 x 10 5 ft 3 (STP) 

1 lb-mole 

h 

359 ft^STP) 


1.10 x 10 3 Ib-moles/h 


Note that to calculate the molar flow rate from a standard volumetric flow rate, you don’t need to 
know the actual gas temperature and pressure. 

The true volumetric flow rate of the methane is calculated using the method illustrated in Example 
5.2-3, only now we are bringing the gas from standard conditions (Tj = 492°R, Pi = 1.0 atm, V) = 
3.95 x 10 5 ft 3 /h) to actual conditions {Tt = 745°R, Pz — 1.30 atm, Vz — ?)• We therefore obtain 




T, 


= (3.95 x 10 5 ftVh) 


745°R 

492°R 


1.00 atm\ 
1.30 atm J 


4.60 x 10 s ft 3 /h 


TEST 1. 

YOURSELF 
(Answers, p. 657) 2. 

3 . 

4 . 


What are standard temperature and pressure? What are the values of V s in the SI, CGS, 
and American Engineering systems? 

What happens to the volume of an ideal gas when you double the pressure at a fixed 
temperature? When you double the temperature at a fixed pressure? 

What happens to the density of a fixed quantity of an ideal gas when you raise the tem¬ 
perature at a fixed pressure? When you raise the temperature at a fixed volume? 

The volumetric flow rate of an ideal gas is given as 35.8 SCMH. The temperature and 
pressure of the gas are -15°C and 1.5 atm. Is the actual volumetric flow rate of the gas 
(a) <35.8 m 3 /h, (b) 35.8 m 3 /h, (c) >35.8 m 3 /h, or (d) indeterminate without additional 
information? 


5.2c Ideal Gas Mixtures 

Suppose n A moles of substance A, «b moles of B, nc moles of C, and so on, are contained 
in a volume V at a temperature T and total pressure P. The partial pressure pa and pure- 
component volume v\ of A in the mixture are defined as follows: 

p\. the pressure that would be exerted by n A moles of A alone in the same total volume 
V at the same temperature T. 

va- the volume that would be occupied by k a moles of A alone at the total pressure P 
and temperature T of the mixture. 

Suppose next that each of the individual mixture components and the mixture as a whole 
behave in an ideal manner, (This is the definition of an ideal gas mixture.) If there are n moles 
of all species in the volume V at pressure P and temperature T, then 

PV = nRT 

In addition, from the definition of partial pressure, 

p A V = n A RT 
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Dividing the second equation by the first yields 

EA - EA — y A ^ 1 ^ mo i e f rac tion of A in the gas) 


Pa = >’a P | 


(5.2-7) 


That is, the partial pressure of a component in an ideal gas mixture is the mole fraction of that 
component times the total pressure . 4 Moreover, since m + vb + - ‘' = 1, 

PA + PZ + = (yA + >’B + ’")P = P (5.2-8) 

or, the partial pressures of the components of an ideal gas mixture add up to the total pressure 
(Dalton's law). 

A similar series of calculations can be performed for pure-component volumes: 


Pv a = n A RT 


| Divide by PV = nRT 


-A - 
V 


«A 

— = ^a 


or 


and 


v A = y A V | 


(5.2-9) 


v A + 'Wb + • ■ • = V (Amagat’s law) 

The quantity v A ; V is the volume fraction of A in the mixture, and 100 times this quantity is 
the percentage by volume (% v/v) of this component. As shown above, the volume fraction of a 
substance in an ideal gas mixture equals the mole fraction of this substance. Stating, for example, 
that an ideal gas mixture contains 30% CH 4 and 70% C 2 Hg by volume (or 30% v/v CH 4 and 
70% v/v CjHg) is equivalent to specifying 30 mole% CH 4 and 70 mole% C 2 H 6 . 


1. A cylinder containing a mixture of N 2 and 0 2 is taken from the basement to the top 
of a 50-story budding. Assuming that the temperature remains constant, which of the 
following properties of the gas change during the ascent? (a) mass, (b) weight, (c) absolute 
pressure, (d) gauge pressure, (e) partial pressure of N 2 , (f) pure-component volume of 0 2 , 
(g) density, (h) specific molar volume. 

2. An ideal gas mixture at 10 bar absolute and 200°C in a 100-m 3 tank contains 50 mole% 
H 2 and 50 mole% N 2 . What is the partial pressure of H 2 ? What is the pure-component 
volume of H 2 ? What would happen to pn 2 and vh 2 if the temperature were raised? 

3. An ideal gas mixture at 10 atm absolute contains 50 wt% H 2 and 50 wt% N 2 . Is the partial 
pressure of H 2 less than, equal to, or greater than 5 atm? 

EXAMI*iy^5.2f5j Material Balances on an Evaporator-Compressor 

Liquid acetone (QH^O) is fed at a rate of 400 L/rnin into a heated chamber, where it evaporates 
into a nitrogen stream. The gas leaving the heater is diluted by another nitrogen stream flowing at 
E . a measured rate of 419 m 3 (STP)/min. The combined gases are then compressed to a total pressure 

Encyclopedia p = 6 3 atm g au S e at a temperature of 325°C. The partial pressure of acetone in this stream is 
evaporator, p a = 501 mm Hg. Atmospheric pressure is 763 mm Hg. 
compressor 


4 Equation 5.2-7 is often used as the definition of the partial pressure. For an ideal gas mixture, the definition 
given and Equation 5.2-7 are equivalent; for a nonideal gas the concept of partial pressure has little utility. 



TEST 

YOURSELF 
(Answers, p. 658) 
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SOLUTION 


1. What is the molar composition of the stream leaving the compressor? 

2. What is the volumetric flow rate of the nitrogen entering the evaporator if the temperature and 
pressure of this stream are 27°C and 475 mm Hg gauge? 


Basis: Given Feed Rates 

Assume ideal gas behavior. Let «t, n 2) ... (mol/min) be the molar flow rates of each stream. 


nitmol Nj/min) 



n 2 (mol/min) 


419 m 3 (STF>) N 2 /min 
rijCmoi/min) 


/i 4 (rnol/min) 

y 4 (mol CsHgO/mol) 

1 - y 4 (moi Nj/mol! 
6.3 atm gauge, 325°C 
p 9 = 501 mm Hg 


You should be able to examine the flowchart and see exactly how the solution will proceed. 


1 . Calculate hz (from the given volumetric flow rate and a tabulated density of liquid acetone), n 3 
(from the ideal gas equation of state), and y 4 ( = pj P). 

2. Calculate h 4 (overall acetone balance), h\ (overall mass balance), and Vi (ideal gas equation 
of state). 


Calculate Molar Flow Rate of Acetone 

From Table B.l in Appendix B, the density of liquid acetone is 0.791 g/cm 3 (791 g/L), so that 
400 L 791 g 1 mol c _ n molCjH 6 0 

riz =-= MOU -:- 

min L 58.08 g 111111 


Determine Mole Fractions from Partial Pressures 


In the stream leaving the compressor. 


Pa (mol C 3 H 6 O \ 

P y * \ mol J 


P = P w 


s + P atm = ■ 


6.3 atm 

760 mm Hg 


1 atm 


so that 


y 4 


501 mm Hg = Qm3 mol C 3 H 6 Q 
5550 mm Hg ’ mol 


1 ~y* 


0.9097 221^ 
mol 


Calculate hi from PVT Information 


hi 


419 m 3 (STP) 

1 mol 

min 

0.0224 m 3 (STP) 


18,700 ^ 


min 


Overall Mole Balance on Acetone hz = Juy* 

hi = 5450 mol/min 
y„ = 0.0903 

n 4 = 60,400 mol/min 
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Overall Mole Balance in + h 2 + « 3 = n 4 


hi — 5450 mol/min 
«3 = 18,700 mol/min 
v ht = 60,400 mol/min 

hi = 36,200 mol/min 

Ideal gas equation of state 
Ti = 2TC (300 K) 

jj, A = 4 ?5 mm Hg gauge (1238 mm Hg) 


Vi 


• V s Ti 
n s T< 


/>! 


36,200 mol/min 

0.0224 m 3 

300 K 

760 mm Hg 


1 mol 

273 K 

1238 mm Hg 




V\ = 550 m 3 N 2 /min 


5.3 EQUATIONS OF STATE FOR NONIDEAL GASES 

The ideal gas is the basis of the simplest and most convenient equation of state: solving it is triv¬ 
ial, regardless of which variable is unknown, and the calculation is independent of the species 
of the gas and is the same for single species and mixtures. Its shortcoming is that it can be 
seriously inaccurate. At a sufficiently low temperature and/or a sufficiently high pressure, a 
value of V predicted with the ideal gas equation could be off by a factor of two or three or 
more in either direction. Making things worse, the predicted value for one species at a given 
temperature and pressure could be much too high, that for another species at the same T 
and P could be much too low, and that for a third species could be quite close to the true 
value. 

In this section we introduce several more complex but more accurate equations of state for 
single species: the virial equation, the van der Waals equation, and the Soave-Redlich-Kwong 
equation. In Section 5.4 we introduce another approach to nonideal gas analysis that makes 
use of compressibility factors, and we describe Kay’s rule, a method for performing PVT calcu¬ 
lations on gas mixtures. 

5.3a Critical Temperature and Pressure 

How well or poorly the ideal gas equation of state fits PVT data for a species often depends 
on the values of the system temperature and pressure relative to two physical properties of 
the species—the critical temperature (T c ) and critical pressure (P c ). Values of these critical 
constants can be looked up in Table B.l and in most standard chemical reference handbooks. 
Let us first consider their physical significance and then see how they are used in nonideal gas 
calculations. 

Suppose a quantity of water is kept in a closed piston-fitted cylinder. 
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The cylinder temperature is first set to a specified value with the cylinder pressure low enough 
for all the water to be vapor; then the water is compressed at constant temperature by lowering 
the piston until a drop of liquid water appears (i.e., until condensation occurs). The pressure at 
which condensation begins (P C ond) and the densities of the vapor (p v ) and of the liquid (pi) at 
that point are noted, and the experiment is then repeated at several progressively higher tem¬ 
peratures. The following results might be obtained (observe the pattern for the three observed 
variables as T increases): 


Run 

T(°C) 

Pcond(atm) 

p v (kg/m 1 2 3 ) 

Pi (kg/m 3 ) 

1 

25.0 

0.0329 

0.0234 

997.0 

2 

100.0 

1.00 

0.5977 

957.9 

3 

201.4 

15.8 

8.084 

862.8 

4 

349.8 

163 

113.3 

575.0 

5 

373.7 

217.1 

268.1 

374.5 

6 

374.15 

218.3 

315.5 

315.5 

7 

>374.15 

No condensation occurs! 


Notice what happens. At 25°C, water condenses at a very low pressure, and the density 
of the liquid is more than four orders of magnitude greater than that of the vapor. At higher 
temperatures, the condensation pressure increases and the densities of the vapor and liquid at 
condensation approach each other. At 374.15°C, the densities of the two phases are virtually 
equal, and above that temperature no phase separation is observed, no matter how high the 
pressure is raised. 

In general, the highest temperature at which a species can coexist in two phases (liquid and 
vapor) is the critical temperature of that species, T c , and the corresponding pressure is the critical 
pressure, P c . A substance at T c and P c is said to be at its critical state. The above experiment 
demonstrates and Table B.l confirms that, for water, T c = 374.15°C and P c = 218.3 atm. 

The terms “gas” and “vapor” are often used interchangeably, but there is a technical differ¬ 
ence between them that you are now in a position to understand. A vapor is a gaseous species 
below its critical temperature, and a gas is a species above its critical temperature at a pressure 
low enough for the species to be more like a vapor than a liquid (i.e., a density closer to 1 g/L 
than 1000 g/L). You can condense a vapor by compressing it isothermally, but while you can 
make a gas denser and denser by compressing it isothermally you will never achieve a separa¬ 
tion into two phases. Substances at temperatures above T c and pressures above P c are referred 
to as supercritical fluids. 


TEST 

YOURSELF 
(Answers, p. 658) 


• 

Equipment 

Encyclopedia 

compressor 


The critical temperature and pressure of isopropanol (isopropyl alcohol) are T c = 508.8 K and 
P c = 53.0 atm. 

1. Isopropanol is in a gaseous state at T — 400 K and P = 1 atm. Would it be classified as a 
vapor or a gas? 

2. Isopropanol is compressed isothermally at 400 K until at pressure P a a liquid phase forms. 
The vapor and liquid densities at that point are, respectively, p va and pi a . In a second 
experiment, isopropanol is compressed at 450 K until condensation occurs, at which point 
the pressure and vapor and liquid densities are P b , p v b, and p) b , What are the relationships 
(>, =, <, or ?) between (a) P a and P b , (b) p va and p vb , and (c) p] a and p tb ? 

3. If isopropanol at 550 K and 1 atm is compressed isothermally to 100 atm, will a condensate 
form? What term might you use to refer to the fluid at its initial condition? At its final 
condition? 
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5.3b Virial Equations of State 


A virial equation of state expresses the quantity PV jRT as a power series in the inverse of 
specific volume: 


PV 

RT 



_C 

y2 


+ 


D_ 

V* 


+ ... 


(5.3-1) 


where B, C, and D are functions of temperature and are known as the second, third, and 
fourth virial coefficients, respectively. This equation of state has a theoretical basis in statistical 
mechanics but procedures for estimating the coefficients are not well developed, especially for 
those beyond B. Note that the ideal gas equation of state is obtained if B = C = £> = ••■ = 0 . 
Truncating the virial equation of state after the second term yields 

PV i b 

m ~ 1 + ? <«-« 

Reid et al. (see footnote 1) caution against using this equation for polar compounds (asymmet¬ 
rical compounds with a nonzero dipole moment, such as water). The following procedure may 
be used to estimate V or P for a given T for a nonpolar species (one with a dipole moment 
close to zero, such as hydrogen and oxygen and all other molecularly symmetrical compounds). 

• Look up the critical temperature and pressure ( T c and P c ) for the species of interest in Table 
B.l or elsewhere. Also look up the Pitzer acentric factor, to, a parameter that reflects the 
geometry and polarity of a molecule. Table 5.3-1 lists values of to for selected compounds, 
and a more complete list can be found in Reid et al. 


Table 5.3-1 Pitzer Acentric Factors 


Compound 

Acentric Factor, co 

Ammonia 

0.250 

Argon 

-0.004 

Carbon dioxide 

0.225 

Carbon monoxide 

0.049 

Chlorine 

0.073 

Ethane 

0.098 

Hydrogen sulfide 

0.100 

Methane 

0.008 

Methanol 

0.559 

Nitrogen 

0.040 

Oxygen 

0.021 

Propane 

0.152 

Sulfur dioxide 

0.251 

Water 

0.344 


SOURCE: R. C. Reid. J. M. Prausnitz. and B. E. 
Poling, The Properties of Gases and Liquids, 4th 
Edition, McGraw-Hill, New York. 1986. 


• Calculate the reduced temperature, 7 r = T/T c . 

• Estimate B using the following equations: 


= 0.083 

i r 

(5.3-3) 

8 .- 0 . 139 -^ 

(5.3-4) 

RT 

B = ~1 (b q + coBi) 

(5.3-5) 
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• Substitute into Equation 5.3-2 the values of B and whichever of the variables P and V is 
known and solve for the other variable. Solution for P is straightforward. If £ is to be de¬ 
termined, the equation can be rearranged into a quadratic and solved using the quadratic 
formula. Normally one of the two solutions is reasonable and the other is not and should be 
discarded; if there is any doubt, estimate V from the ideal gas equation of state and accept 
the virial equation solution that comes closest to Vaeai- 


The Truncated Virial Equation 


Two gram-moles of nitrogen is placed in a three-liter tank at -150.8°C. Estimate the tank pressure 
using the ideal gas equation of state and then using the virial equation of state truncated after the 
second term. Taking the second estimate to be correct, calculate the percentage error that results 
from the use of the ideal gas equation at the system conditions. 


SOLUTION 


T = (-150.8 + 273.2) K = 122.4 K, and V = 3.00 L/2.00 mol = 1.50 L/mol. From the ideal gas 
equation of state, 


0.08206 L-atm 

123 K 

1 mol 

mol-K 


1.50 L 


■ = 6.73 atm 


The virial equation solution procedure is as follows: 

• Table B.l ==> (T C ) N2 = 126.2 K, (P c ) Nl = 33.5 atm 
Table 5.3-1 ==> o» Nj = 0.040 

— MM — 


Equation 5.3-3 : 
Equation 5.3-4 : 

Equation 5.3-5 


0 422 

s '" 0 ' 139 -^ = - 0056 


B = 


0.08206 


L • atm 
mol ■ K 


1(126.2 K) 


33.5 atm 
= -0.113 L/mol 


- (-0.36 + 0.040(-0.056)] 


RT 


' Equation 5.3-2 => P = -t- (1 + -r 


0.08206 


V 

L ■ atm 
mol • K 


(122.4 K) 


1 + 


-0.113 L/mol 
1.50 L/mol / 


1.50 L/mol 

The error in the pressure calculated using the ideal gas equation of state is 

Pjdeal - P . 


= 6.19 atm 


• x 100% = 


8.7% error 


Other forms of the virial equation of state have been developed for specific compounds and 
mixtures. For example, the Benedict-Webb-Rubin (B WR) equation, which has eight empirical 
constants, has been used extensively for light hydrocarbons and other nonpolar gases. Perry's 
Chemical Engineers’ Handbook (see footnote 2) describes the BWR equation of state and gives 
the eight constants for a number of gases on pp. 3-270 to 3-272. 
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5.3c Cubic Equations of State 

A number of analytical PVT relationships are referred to as cubic equations of state because, 
when expanded, they yield third-order equations for the specific volume. The van der Waals 
equation of state is the earliest of these expressions, and it remains useful for discussing devi¬ 
ations from ideal behavior. 

/?T _ a 

F ~ y _ b v 2 (53-6) 

where 


11R 2 T 2 , RT C 

In the van der Waals derivation, the term a / V 2 accounts for attractive forces between molecules 
and b is a correction accounting for the volume occupied by the molecules themselves. 5 

Reid, Prausnitz, and Poling (see footnote 1) discuss other important cubic equations of 
state including the Redlich-Kwong. Soave-Redlich-Kwong (SRK), and Peng-Robinson equa¬ 
tions. These equations are empirical but have proved remarkably robust in describing a wide 
variety of systems. Here we will use the SRK expression to illustrate the general characteristics 
of cubic equations of state. 

The SRK equation of state is 


RT _ aa 
V-b V(V + b) 


(53-7) 


where the parameters a, b, and a are empirical functions of the critical temperature and ores- 
sure (T c and P c from Table B.1), the Pitzer acentric factor (to from Table 53-1). and the svstem 
temperature. The following correlations are used to estimate these three parameters: 


0.42747 {RTc)2 

Pc 

(53-8) 

0.08664 ^ 

Pc 

(53-9) 

0.48508 + 1.55171w - 0.156lta : 

(£3-10) 

T/T c 

(53-11) 

[l + m( 1 - V7V)] 

(53-12) 


-S' < 

EXAMPLE S.3-2i The SRK Equation of State 

A gas cylinder with a volume of 2.50 m 3 contains 1.00 kmol of carbon dioxide at I = 300 K. L se the 
SRK equation of state to estimate the gas pressure in atm. 


SOLUTION 


The specific molar volume is calculated as 



n 


2.5 m 3 

10 3 L 

1 kmol 

1.00 kmol 

1 m 3 

10 3 mol 


5 B. G. Kyie, Chemical and Process Thermodynamics, 2nd Edition, Prentice Hall, Ezsaewocc niffy 1991 41 
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EXAMPLE 5.3- 


SOLUTION 


From Table B.1, T c = 304.2 K and P c = 72.9 atm, and from Table 5.3-1, u> — 0.225. The parameters 
in the SRK equation of state are evaluated using Equations 5.3-7 through 5.3-12: 


Equation 5.3-8 


a = 0 42747 A 0 - 08206 L-atm/(mol-K)](304.2 K)} 2 
72.9 atm 

= 3.654 L 2 -atm/mol 2 


Equation 5.3-9 =* 6 - 0.08664 i 0 - 06206 'L-atm/(mol-K)](304.2K) 

72.9 atm 

= 0.02967 L/mol 

Equation 5.3-10 => m = 0.8263 
Equation 5.3-11 ==> T r = 0.986 
Equation 5.3-12 ==> a = 1.0115 
The SRK equation (5.3-7) can now be solved for the tank pressure: 

P = RT _ aa 

V -b + b) 

_ [0.08206 L-atm/(mol-K)](300K) 1.0115(3.654 L 2 -atm/mol 2 ) 

[(2.50 - 0.02967)L/mol] (2.50 L/mol)[(2.50 + 0.02967) L/mol] 


9.38 atm 


Use of the ideal gas equation of state leads to an estimated pressure of 9.85 atm (verify ), a deviation 
of 5% from the more accurate SRK-determ in ed value. 


Evaluation of a system volume from a given temperature and pressure using a cubic equa¬ 
tion of state requires a trial-and-error procedure. A spreadsheet is ideally suited to solving 
problems of this type. The next example illustrates the procedure. 


3 Estimation of Volumes Using the SRK Equation of State 


A stream of propane at temperature T - 423 K and pressure P (atm) flows at a rate of 100.0 kmol/h. 
Use the SRK equation of state to estimate the volumetric flow rate of the stream for P = 0.7 atm, 
7 atm, and 70 atm. In each case, calculate the percentage differences between the predictions of the 
SRK equation and the ideal gas equation of state. 


The calculation of V(L/mol) proceeds as follows: the SRK equation of state is written in the form 

RT . c 


/(?) = P - 


V — b + b) 


= 0 


the values of T C ,P C , and w are looked up; a, b, and a are calculated from the given formulas; specified 
values of T and P are substituted; and the value of V for which f(V) — 0 is found by trial and error. 
The percentage difference between y SRK and V 1 d ea i(= RT/ P ) is 

£>(%) = . fys* 7 ^ SRK x 100% 

^SRK 

Once V is known for a given P, the volumetric flow rate corresponding to a molar flow rate of 100.0 
kmol/h is obtained as 


V , (m 3 /h) = . 


U(L) 

10 3 mol 

1 m 3 

100.0 kmol 

(mol) 

— 

1 kmol 

10 3 L 

h 


' = lOO.OV^L/mol) 


The calculations are performed easily with a spreadsheet. In Figure 5.3-1 we show one of many 
possible spreadsheet configurations that might be created for this purpose, along with the formulas 
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A 

B 

c 

D 

E 

F 

1 

Spreadsheet for Example 5.3-3 

2 







3 

T c - 

369.9 

Pc = 

42.0 

H) = 

0.152 

— 

4 

a = 

9.3775 

b = 

0.06262 

m = 

0.7173 

5 

T = 

423 

T r = 

1.14355 

a = 

0.903 

6 







7 

P 

^ideal 

V 

f(V) 

D 

, 

V 

8 

(atm) 

(L/rnol) 

(L/mol) 

(atm) 

(%) 

(m 3 /h) 

9 

0.7 

49.59 

49.41 

1.6E-5 

0.37% 

4941 

10 

7 

4.959 

4.775 

9.9E-6 

3.9% 

478 

11 

70 

0.4959 

0.2890 

9.2E-5 

72% 

28.9 


[B4] = 0.42747*(0.08206*B3)**2/D3 
[D4] = 0.08664*0.08206 * B3/D3 
[F4] = 0.48508+1.55171*F3-0.1561*F3**2 
[D5] = B5/B3 

(F5j = (1+F4*(1-SQRT(D5)))**2 
[B9] = 0.08206*$B$5/A9 
JC9] = 49.588 

[D9] = A9-0.Q8206*$B$5/(C9-$D$4)+$F$5*$B$4/(C9*(C9+$D$4)) 

[E9] = 100*(B9-C9)/C9 
[F9J = 100*C9 

Figure 5.3-1 Spreadsheet for Example 5.3-3. 

entered into selected cells. The critical constants of propane (r e = 369.9 K and P c = 42.0 atm) 
come from Table B.l and the Pitzer acentric factor (w = 0.152) comes from Table 5.3-1. In the 
spreadsheet formulas, a double asterisk signifies exponentiation. (Many spreadsheets use the carat 
symbol for this purpose.) Notice that the ideal gas equation of state works very well at 0.7 atm and 
reasonably well at 7 atm, but for 70 atm the differences between the two estimates of V are con¬ 
siderable. 

When the spreadsheet is constructed, the displayed contents of Rows 1,3-5,7, and 8 are entered 
exactly as shown except for the given formulas in Cells B4, D4, F4, D5, and F5. After the cell contents 
of Row 9 have been entered they are copied into Rows 10 and 11, and the pressures in Column A are 
then changed to their desired values. The entries in Cells C9-C11 (the initial guesses for V) are the 
values copied from the adjacent cells in Column B (the values obtained using the ideal gas equation 
of state). The correct values are then obtained by trial and error; for example, the value in Cell C9 
would be varied until the value in Cell D9 is sufficiently close to zero, and similarly for Rows 10 and 
11. The search is conveniently done using the spreadsheet’s goalseek tool. If you are not experienced 
in the use of spreadsheets, it might be useful to construct this one and attempt to reproduce the given 
results. 


Remember that the SRK equation of state (and every other equation of state) is itself an 
approximation. Referring back to the preceding example, a published study provides experi¬ 
mental data for the PVT behavior of propane . 6 The data indicate that at 423 K and 70 atm. 


6 R. D. Gray. N. H. Rent, and D. Zudkevitch, AlChE Journal , 16, 991(1970). 
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the value of V is 0.2579 L/mol. The percentage error in the SRK estimate (V* = 0.2890 L/mol) 
is a far from insignificant 12%, and that in the ideal gas estimate = 0.4959 L/mol) is 
92%. 

All equations of state have parameters obtained by fitting empirical expressions to exper¬ 
imental PVT data. The fit may be excellent in the temperature and pressure ranges where the 
data were obtained but may be terrible elsewhere. You should always try to ascertain the re¬ 
gion of validity of any equation of state you intend to use. At conditions far removed from this 
region, you have no assurance of the accuracy of the equation. 


TEST 1. Why is the SRK equation of state called a cubic equation of state? 

YOURSELF 2 . What physical properties of a species do you have to look up in order to use the SRK 

(Answers, p. 658) equation of state? Where can you find values of these properties in this text? 

3. The SRK equation of state is to be used to determine one of the variables T, P, and V 
from given values of the other two. Rank the following problems from easiest to most 
difficult: (a) given T and P, find V; (b) given T and V, find P; and (c) given P and V, 
find T. 

4. Explain in your own words why estimates obtained using an equation of state may be 
inaccurate and when you need to be particularly skeptical of them. 


5.4 THE COMPRESSIBILITY FACTOR EQUATION OF STATE 


The compressibility factor of a gaseous species is defined as the ratio 



(5.4-1) 


If the gas behaves ideally, z = 1. The extent to which z differs from 1 is a measure of the extent 
to which the gas is behaving nonideally. 

Equation 5.4-1 may be rearranged to form the compressibility factor equation of state, 

PV = zRT (5.4-2a) 

or since V = V/n for a fixed quantity of gas and V/h for a flowing stream. 


PV = znRT (5.4-2b) 

PV = znRT (5.4-2c) 


An alternative to using a nonideal gas equation of state like those described in Section 53 
is to determine z and substitute it into Equation 5.4-2a, 5.4-2b, or 5.4-2c. The next section 
describes an application of this method to a system for which tabulated z values are available. 
The following sections outline methods for estimating z in the absence of tabulated data. 


5.4a Compressibility Factor Tables 

Perry’s Chemical Engineers’ Handbook (see footnote 2), pp. 2-140 through 2-150, gives values 
of z(T, P) for air, argon, CO 2 , CO, H 2 , CH 4 , N 2 , O 2 , steam, and a limited number of other 
compounds. Once z is known, it can be substituted in the compressibility factor equation of 
state, which may in turn be solved for whichever variable is unknown. 

Tabulated Compressibility Factors 


Emmmm 


Fifty cubic meters per hour of methane flows through a pipeline at 40.0 bar absolute and 300.0 K. 
Use z from page 2-144 of Perry’s Chemical Engineers’ Handbook to estimate the mass flow rate in 
kg/h. 



SOLUTION 
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From the given reference, z = 0.934 at 40.0 bar and 300.0 K. Rearranging Equation 5.4-2c yields 


PV 

(40.0 bar)(50.0 m 3 /h) 

kmol-K | 

101.325 kPa = R<; q kmol/h 

n ~ ZRT 

(0.934)(300.Q K) 

8.314 m 3 -kPa 1 

I 

1.01325 bar 


85.9 kmol 

16.04 kg _ 

1370 ke/h 



h 

kmol 

L_ 

-2—■ 



5.4b The Law of Corresponding States and Compressibility Charts 

It would be convenient if the compressibility factor at a single temperature and pressure were 
the same for all gases, so that a single chart or table of z(T, P ) could be used for all PVT cal¬ 
culations. Nature is not that accommodating, unfortunately; for example, z for nitrogen at 0 C 
and 100 atm is 0.9848 while z for carbon dioxide at the same temperature and pressure is 
0.2020. Consequently, to use tabulated z values for all PVT calculations as in the preceding 
example, you would have to measure compressibilities as functions of temperature and pres¬ 
sure separately for every chemical species. Equations of state such as the van der Waals and 
the Soave-Redlich-Kwong equations were developed to avoid having to compile the massive 
volumes of z data that would be involved in such an effort. 

An alternative approach is presented in this section. We will show that z can be estimated 
for a species at a given temperature, T, and pressure, P, with this procedure: 

1. Look up (e.g., in Table B.l) the critical temperature, T c , and critical pressure, P c , of the 

species. , 

2. Calculate the reduced temperature , T t = T/T e , and reduced pressure, P x - P Pc- 

3. Look up the value of z on a generalized compressibility chart, which plots z versus P r for 

specified values of T t . 

The basis for estimating z in this manner is the empirical law of corresponding states, which 
holds that the values of certain physical properties of a gas—such as the compressibility factor— 
depend to great extent on the proximity of the gas to its critical state. The reduced temperature 
and pressure provide a measure of this proximity; the closer T r and P t are to 1, the closer the 
gas is to its critical state. This observation suggests that a plot of z versus T r and P T should be 
approximately the same for all substances, which proves to be the case. Such a plot is called the 

generalized compressibility chart. 7 , 

Figure 5.4-1 shows a generalized compressibility chart for those fluids having a critical 
compressibility factor of 0.27. 8 Conditions for both gases and liquids are illustrated, although in 
our discussions here we only consider estimation of z for gases. Note the increasing deviations 
from ideal gas behavior as pressures approach P c (he., when P t 1). 

Figures 5.4-2 through 5.4-4 are expansions of various regions of Figure 5.4-1. The parame¬ 
ter V‘ deal is introduced in these figures to eliminate the need for trial-and-error calculations in 
problems where either temperature or pressure is unknown. This parameter is defined in terms 
of the ideal critical volume 9 as 


(/ideal RTJ P c RT C 


7 L. C. Nelson and E. F. Obert, Trans. ASME, 76,1057(1954). 

s An extension of the generalized charts that provides somewhat greater accuracy also allows for a dependence 
of z(T, P) on Zc, the compressibility factor at the critical point, which generally varies between 0.25 and 0. . 

9 yideal _ rt c /P c is the specific molar volume that would be calculated by the ideal gas equation of state for 
temperature'r c and pressure P c . It has no physical significance for the gas in question, unlike T c , P c , an t e 
critical volume V c , another property of the gas. 
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Reduced pressure, P, 


Figure 5.4-1 (Reprinted with permission from Chemical Process Principles 
Charts, 2nd Edition, by O. A. Hougen, K. M. Watson, and R. A. Ragatz, John 
Wiley & Sons, New York, 1960.) 

The procedure for using the generalized compressibility chart for PVT calculations is as 
follows: 

1. Look up or estimate the critical temperature, T c , and pressure, P c , of the substance of 
interest (Table B.l). 

2. If the gas is either hydrogen or helium, determine adjusted critical constants from the 
empirical formulas 

Tl = T c + 8 K (5.4-4) 

Pi — P c + 8 atm (5.4-5) 

These equations are known as Newton’s corrections. 

3. Calculate reduced values of the two known variables (temperature and pressure, temper¬ 
ature and volume, or pressure and volume) using the definitions 

T r = ~ (5.4-6) 

i C 

Pi — ~~ (5.4-7) 

i/ideal _ 

r RT C 


(5.4-8) 
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Reduced pressure, P, 


Figure 5.4-2 Generalized compressibility chart, low pressures. (From D. M. Himmelblau, Basic 
Principles and Calculations in Chemical Engineering , 3rd Edition, copyright © 1974, p. 175. Reprinted 
by permission of Prentice Hall, Inc., Englewood Cliffs, NX) 

Don’t forget to perform whatever unit conversions may be necessary to make the calcu¬ 
lated reduced variables dimensionless. If the gas is H 2 or He, substitute for T c and P c the 
adjusted values of these quantities calculated in Step 2. All temperatures and pressures 
used in these calculations must be absolute. 

4. Use the compressibility charts to determine the compressibility factor, and then solve for 
the unknown variable from the compressibility-factor equation of state (Equation 5.4-2). 

The compressibility-factor equation of state used in conjunction with the generalized com¬ 
pressibility chart is not generally as accurate as a multiple-constant equation of state for PVT 
calculations under highly nonideal conditions. Furthermore, it lacks precision and cannot read¬ 
ily be adapted to computer calculations. Its advantages include relative computational simplic¬ 
ity and (as will be shown) adaptability to multicomponent gas mixtures. 


The Generalized Compressibility Chart 

One hundred gram-moles of nitrogen is contained in a 5-liter vessel at -20.6°C. Estimate the pres¬ 
sure in the cylinder. 

SOLUTION From Table B.1, the critical temperature and pressure of nitrogen are 

T c = 126.2 K, P c = 33.5 atm 

The reduced temperature and volume are calculated from Equations 5.4-6 and 5.4-7 as 


T 

T 

= L 

-20.6 + 273.2) K 

1 r 

~ T c 


126.2 K Z0 ° 

VP C 

5 

L 

33.5 atm mol-K 

RT C 

100 

mol 

126.2 K 0.08206 L-atm 



yideal _ VPj 

r RT C 
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Figure 5.4-3 Generalized compressibility chart, medium pressures. (From D. M. Himmelblau, Ba¬ 
sic Principles and Calculations in Chemical Engineering, 3rd Edition, copyright © 1974, p. 176. 
Reprinted by permission of Prentice Hall, Inc., Englewood Cliffs, NJ.) 


From Figure 5.4-4, the intersection of T, = 2 and Vj deal = 0.161 occurs at approximately z = 1.77. 
From Equation 5.4-2a, we can now calculate 


zRT 1.77 

0.08206 L-atm 

252.4 K _ T 

9 

mol-K 

0.05 L/mol L 


Note: You could also read the value of P t at the intersection and calculate P = P t P c \ however, it 
is generally more accurate to calculate unknown variables by first determining z and then using the 
equation of state, as was done above. 


TEST 

YOURSELF 
(Answers, p. 658) 


1. Suppose you need to know the volume that would be occupied by 10 kmol of H 2 at 
-190°C and 300 atm. Would you consider it reasonable to use a value calculated from 
the ideal gas equation of state? How would you use the generalized compressibility chart 
for this calculation? 

2. Why would a chart such as that in Figure 5.4-1 be useless if T and P were the chart pa¬ 
rameters? 

3. What is the law of corresponding states, and how does it provide a basis for the generalized 
compressibility chart? 


5.4c Nonideal Gas Mixtures 

Whether an analytical or graphical correlation is used to describe nonideal gas behavior, dif¬ 
ficulties arise when the gas contains more than one species. Consider, for example, the SRK 
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Reduced pressure, P, 


Figure 5.4-4 Generalized compressibility chart, high pressures. (From D. M. Himmelblau, Basic 
Principles and Calculations in Chemical Engineering, 3rd Edition, copyright © 1974, p. 177. Reprinted 
by permission of Prentice Hall, Inc., Englewood Cliffs, NJ.) 

equation of state (Equation 5.3-7): How would you estimate the parameters a, b , and a if the 
gas consisted of methane, carbon dioxide, and nitrogen? Mixture rules developed for such cir¬ 
cumstances are summarized by Reid. Prausnitz, and Poling (see footnote 1). We will illustrate 
PVT calculations for mixtures with a simple rule developed by Kay 10 that utilizes the general¬ 
ized compressibility charts. 

Kay’s rule estimates pseudocritical properties of mixtures as simple averages of pure- 
component critical constants: 11 

Pseudocritical Temperature: T' c = y^JcA + Vb^cB + ycTcC + "** (5.4-9) 

Pseudocritical Pressure: P' c = y A PcA + yB^cB + yc? cC + • • • (5.4-10) 

where y A , yg,... are mole fractions of species A, B, ... in the mixture. Assuming that the 
system temperature T and pressure P are known, the pseudocritical properties can be used to 
estimate the pseudoreduced temperature and pressure of the mixture: 

Pseudoreduced Temperature: T’ r - T/T' c (5.4-11) 

Pseudoreduced Pressure: P[ = P/P' (5.4-12) 

The compressibility factor for a gas mixture, z m , can now be estimated from the compressibility 
charts and the pseudoreduced properties, and 9 for the mixture can be calculated as 

V = (5.4-13) 


,0 W. B. Kay, Ind. Eng. Chem., 28,1014(1936). 

“The pseudocritical constants are simply empirical parameters that have been found useful for correlating the 
physical properties of a mixture. Unlike T c and P c for a single component, 7/ and P' have no physical significance. 
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TEST 

YOURSELF 
(Answers, p. 658) 

EXAMPLE5.4-3\ 


SOLUTION 


As with single-component gases, if you know V and either T or P you can estimate the ideal 
pseudoreduced volume 5/J deal = l? P'JRTl and use the other known reduced property to de¬ 
termine the unknown temperature or pressure from the compressibility chart. 

Like the theory of corresponding states on which it is based, Kay’s rule provides only ap¬ 
proximate values of the quantities it is used to calculate. It works best when used for mixtures 
of nonpolar compounds whose critical temperatures and pressures are within a factor of two 
of one another. Reid, Prausnitz, and Poling (see footnote 1) provide more complex but more 
accurate mixing rules for systems that do not fall into this category. 


What is Kay’s rule? How would you use it to calculate the specific molar volume of an equimolar 
mixture of gases at a given temperature and pressure? For what types of gases would you have 
the greatest confidence in the answer? 


Kay’s Rule 

A mixture of 75% H 2 and 25% N 2 (molar basis) is contained in a tank at 800 atm and -70°C. 
Estimate the specific volume of the mixture in L/mol using Kay’s rule. 


Critical Constants: From Table B.1: 

H 2 : r c = 33 K 

Tl ~ (33 + 8 ) K = 41 K (Newton’s correction: Equation 5.4-4) 

P c = 12.8 atm 

K = (12.8 + 8 ) atm = 20.8 atm (Newton’s correction: Equation 5.4-5) 
N 2 : 7 c = 126.2 K 
P c = 33.5 atm 

Pseudocritical Constants: From Equations 5.4-9 and 5.4-10: 

7’ = y H j(7 c a ) H2 + yN 2 (7c) N , = 0.75 x 41 K + 0.25 x 126.2 K = 62.3 K 
P'c = vh,(Pc)h 2 + yN 2 (Pc)N 2 = 0.75 x 20.8 atm + 0.25 x 33.5 atm = 24.0 atm 
Reduced Conditions: T = (-70 + 273) K = 203 K, P = 800 atm 


_ 7 _ 203 K 
r Tl ~ 62.3 K 

_ P _ 800 atm 
~ 24.0 atm 


3.26 


= 33.3 


Mixture Compressibility: From Figure 5.4-4: 


z m (T; = 3.26, p; = 33.3) = 1.86 

Calculation of Specific Volume PV — z m RT 

I 

*«7( K) / L-atm ) 

\mol J P(atm) \mol*K J 


(1.86)(203)(Q.08206) L 
800 mol 


0.0387 — 
mol 
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5.5 SUMMARY 

Problems often arise that call for determining the value of one of the four variables P,T,V. 

and n (or V and h) for a process material from known values of the other three. 

• If the material is a solid or liquid and consists of a single species, look up the specific grav¬ 
ity or density in Table B.1 or one of the references on p. 187. As a first approximation, 
assume that the tabulated value is independent of temperature and pressure. For a more 
refined estimate, find and apply a correlation for the dependence of the density on tempera¬ 
ture. 

• If the material is a liquid mixture, either find a table of mixture density as a function of com¬ 
position or assume volume additivity and estimate the mixture density from either Equa¬ 
tion 5.1-1 or Equation 5.1-2. If the material is a dilute liquid solution, either find a table 
of mixture density as a function of composition or take the density to be that of the pure 
solvent. 

• If the material is a gas, the ideal gas equation of state (PV — nRT) may provide a reasonable 
approximation for PVT calculations. The equation works best at low pressures (on the order 
of 1 atm or less) and high temperatures (generally not much lower than 0°C). A rule of thumb 
is that the ideal gas equation provides reasonable estimates if RT/P is greater than 5 Umol 
for diatomic gases and greater than 20 L/mol for other gases. 

• Standard temperature and pressure (STP) are generally defined as 0°C and 1 atm. These val¬ 
ues and the corresponding standard specific volume , V $ = 22.4 L(STP)/mol => 359 ft* - 
(STP)/lb-mole, can be used in conjunction with Equation 5.2-5 for PVT calculations on 
ideal gases. 

• The partial pressure of a component in an ideal gas mixture is y, P, where y; is the mole frac¬ 
tion of the component and P is the total absolute pressure. The component partial pressures 
add up to the total pressure. 

• The volume percent of a component in an ideal gas mixture (%v/v) is the same as the mole 
percent of that component. If the gas mixture is nonideal, the volume percent has no useful 
meaning. 

• The critical temperature T c of a species is the highest temperature at which isothermal com¬ 
pression of the species vapor results in the formation of a separate liquid phase, and the crit¬ 
ical pressure is the pressure at which that phase forms. Isothermal compression of a species 
above its critical temperature—a gas (as opposed to vapor ) or supercritical fluid —results in 
a fluid of increasing density but not a separate liquid phase. 

• If process conditions are such that the ideal gas equation of state is a poor approximation, a 
more complex species-specific equation of state must be used. Most such equations, includ¬ 
ing the Soave-Redlich-Kwong (SRK) equation of state, contain adjustable parameters that 
depend on the critical temperature and pressure of the species and possibly other factors 
that depend on the molecular geometry and polarity of the species. 

• An alternative to using quadratic equations of state (such as the truncated virial equation! 
and cubic equations of state (such as the SRK equation) is to use the compressibility-factor 
equation of state: PV = znRT. The compressibility factor z, defined as the ratio PV RT. 
equals 1 if the gas behaves ideally. For some species it may be looked up in a table (e.g.. in 
Perry’s Chemical Engineers’ Handbook ) or, more generally, estimated from the generalized 
compressibility charts (Figures 5.4-1 through 5.4-4). 

• The basis of the generalized compressibility charts is the law of corresponding states, an em¬ 
pirical rule stating that the compressibility factor of a species at a given temperature and 
pressure depends primarily on the reduced temperature and reduced pressure , T ( = T T c 
and P x = Pj Pc- Once you have determined these quantities, you may use the charts to de¬ 
termine z and then substitute the value in the compressibility-factor equation of state and 
solve for whichever variable is unknown. 
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• To perform PVT calculations for nonideal gas mixtures, you may use Kay’s rule. Determine 
pseudocritical constants (temperature and pressure) by weighting the critical constants for 
each mixture component by the mole fraction of that component in the mixture; then calcu¬ 
late the reduced temperature and pressure and the compressibility factor as before. 

• Remember that every equation of state for nonideal gases is an approximation, often based 
on fitting adjustable constants to experimental PVT data. Be skeptical of every value you 
estimate, especially if you are using an equation of state beyond the range of conditions for 
which it was derived. 

• If a PVT calculation is part of a material balance problem and a volume (or volumetric flow 
rate) is either given or required for a process stream, label both n (or h) and V (or V) on 
the flowchart and count a density relationship (for solids and liquids) or an equation of state 
(for gases) as an additional relation in the degree-of-freedom analysis. 


PROBLEMS 

Note: Unless otherwise specified, all pressures given in these problems are absolute. 

5.1. A liquid mixture containing 40,0 wt% n-octane and the balance n-decane flows into a tank mounted 
on a balance. The mass in kg indicated by the scale is plotted against time. The data fall on a straight 
line that passes through the points (/ = 3 min, m = 150 kg) and (? = 10 min, m = 250 kg). 

(a) Estimate the volumetric flow rate of the liquid mixture. 

(b) What does the empty tank weigh? 

5.2. When a liquid or a gas occupies a volume, it may be assumed to fill the volume completely. On 
the other hand, when solid particles occupy a volume, there are always spaces (voids) among the 
particles. The porosity or void fraction of a bed of particles is the ratio (void vo!ume)/(total bed 
volume). The bulk density of the solids is the ratio (mass of solids)/(total bed volume), and the 
absolute density of the solids has the usual definition, (mass of solids)/( volume of solids). 

Suppose 600.0 g of a crushed ore is placed in a graduated cylinder, filling it to the 184 cm 3 level. 
One hundred cm 3 of water is then added to the cylinder, whereupon the water level is observed to 
be at the 233.5 cm 3 mark. Calculate the porosity of the dry particle bed, the bulk density of the ore 
in this bed, and the absolute density of the ore. 

5.3. Two liquid streams are flowing at constant rates into a blender. One is benzene, which flows at a 
measured rate of 20.0 L/min, and the other is toluene. The blended mixture enters a storage tank 
(inner diameter = 5.5 m) equipped with a sight gauge. During an interval in which no liquid leaves 
the storage tank, the liquid level in the tank is observed to increase by 0.15 meters over a one-hour 
period. Calculate the flow rate of toluene into the blender (L/min) and the composition of the tank 
contents (wt% benzene). 

5.4. A slurry contains crystals of copper sulfate pentahydrate [CuS0 4 -5H 2 0(s), specific gravity = 2.3] 
suspended in an aqueous copper sulfate solution (liquid SG = 1.2). A sensitive transducer is used to 
measure the pressure difference, A,P(Pa), between two points in the sample container separated by 
a vertical distance of h meters. The reading is in turn used to determine the mass fraction of crystals 
in the slurry, * c (kg crystals/kg slurry). 

Liquid solution 
SG - 1.2 
Crystals 
SG - 2.3 

Solution-crystal 
slurry 


(a) Derive an expression for the transducer reading, AP( Pa), in terms of the overall slurry density, 
Psi(kg/m 3 ), assuming that the pressure head formula of Chapter 3 (P = p 0 + pgh) is valid for 
this two-phase system. 
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(b) Validate the following expression relating the overall slurry density to the liquid and solid crystal 
densities ( p\ and p c ) and the mass fraction of crystals in the slurry: 

jt_ = Xc + (1 ~ *c) 
ftl pc pi 

( Suggestion: Insert units for all variables.) 

(c) Suppose 175 kg of the slurry is placed in the sample container with h - 0.200 m and a transducer 
reading A P = 2775 Pa is obtained. Calculate (i) p si , (ii) x c , (iii) the total slurry volume, (iv) the 
mass of crystals in the slurry, (v) the mass of anhydrous copper sulfate (CuS0 4 without the 
water of hydration) in the crystals, (vi) the mass of liquid solution, and (vii) the volume of liquid 
solution. 

♦(d) Write a spreadsheet program to generate a calibration curve of x c versus A P for this device. 
Take as inputs p c (kg/m 3 ), pi(kg/m 3 ), and h( m), and calculate AP(Pa) for ,t c = 0.0,0.05,0.10,..., 
0.60. Run the program for the parameter values in this problem (p c = 2300, pi = 1200, and 
h = 0.200). Then plot jc e versus A P (have the spreadsheet program do it, if possible), and verify 
that the vaiue of x c corresponding to A P - 2775 Pa on the calibration curve corresponds to the 
value calculated in part (c). 

(e) Derive the expression in part (b). Take a basis of 1 kg of slurry [x e (kg), V c (m 3 ) crystals, (1 - 
x c )(kg), V t (m 3 ) liquid], and use the fact that the volumes of the crystals and liquid are additive. 

5.5. Use the ideal gas equation of state to estimate the molar volume in m 3 /mol and the density of air in 
kg/m 3 at 40°C and a gauge pressure of 3.0 atm. 

5.6. One gram-mole of methyl chloride vapor is contained in a vessel at 100°C and 10 atm. 

(a) Use the ideal gas equation of state to estimate the system volume. 

(b) Suppose the actual volume of the vessel is 2.8 liters. What percentage error results from assuming 
ideal gas behavior? 

5.7. The pressure gauge on a 20.0 m 3 tank of nitrogen at 25 6 C reads 10 bar. Estimate the mass of nitrogen 
in the tank by (a) direct solution of the ideal gas equation of state and (b) conversion from standard 
conditions. (See Example 5.2-2.) 

5.8. From the standard conditions given in Table 5.2-1, calculate the value of the gas constant R in 
(a) atm-m 3 /(kmol-K) and (b) torr-ft 3 /(lb-mole-' 5 R). 

5.9. The volume of a dry box (a closed chamber with dry nitrogen flowing through it) is 2.0 m 3 . The dry 
box is maintained at a slight positive gauge pressure of 10 cm HzO and room temperature (25°C). If 
the contents of the box are to be replaced every five minutes, calculate the required mass flow rate 
of nitrogen in g/min by (a) direct solution of the ideal gas equation of state and (b) conversion from 
standard conditions. 

5.10. A stream of air enters a 7.50-cm ID pipe at a velocity of 60.0 m/s at 27°C and 1.80 bar (gauge). At 
a point downstream, the air flows through a 5.00 cm ID pipe at 60°C and 1.53 bar (gauge). What is 
the velocity of the gas at this point? 

5.11. The label has come off a cylinder of gas in your laboratory. You know only that one species of gas is 
contained in the cylinder, but you do not know whether it is hydrogen, oxygen, or nitrogen. To find 
out, you evacuate a 5 -liter flask, seal it and weigh it, then let gas from the cylinder flow into it until 
the gauge pressure equals 1.00 atm. The flask is reweighed, and the mass of the added gas is found 
to be 13.0 g. Room temperature is 27°C, and barometric pressure is 1.00 atm. What is the gas? 

5.12. A gas cylinder filled with nitrogen at standard temperature and pressure has a mass of 37.289 g. 
The same container filled with carbon dioxide at STP has a mass of 37.440 g. When filled with an 
unknown gas at STP, the container mass is 37.062 g. Calculate the molecular weight of the unknown 
gas, and then state its probable identity. 

5.13. A nitrogen rotameter is calibrated by feeding N 2 from a compressor through a pressure regulator, a 
needle valve, the rotameter, and a dry test meter, a device that measures the total volume of gas that 
passes through it. A water manometer is used to measure the gas pressure at the rotameter outlet. 
A flow rate is set using the needle valve, the rotameter reading, </>, is noted, and the change in the 


‘Computer problem. 
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dry gas meter reading (AV) for a measured running time (At) is recorded. 



The following calibration data are taken on a day when the temperature is 23°C and barometric 
pressure is 763 mm Hg. 


d> 

Af(min) 

A V'(liters) 

5.0 

10.0 

1.50 

9.0 

10.0 

2.90 

12.0 

5.0 

2.00 


Equipment 

Encyclopedia 

spray dryer 


(a) Prepare a calibration chart of <t> versus Vj td , the flow rate in standard cm 3 /min equivalent to the 
actual flow rate at the measurement conditions. 

(b) Suppose the rotameter-valve combination is to be used to set the flow rate to 0.010 mol N 2 /min. 
What rotameter reading must be maintained by adjusting the valve? 

5.14. The flow rate required to yield a specified reading on an orifice meter varies inversely as the square 
root of the fluid density; that is, if a fluid with density pi(g/cm 3 ) flowing at a rate V) (cm 3 /s) yields a 
meter reading <f>, then the flow rate of a fluid with density p 2 required to yield the same reading is 

= yi(pt/p2) t/2 

(a) Suppose an orifice meter calibrated with nitrogen at 25°C and 758 mm Hg is used to measure 
the flow rate of a process stream of hydrogen at 50°C and 1800 mm Hg, and the value read from 
the calibration chart is 350 cm 3 /s. Calculate the true volumetric flow rate of the gas. 

(b) Repeat part (a), only suppose the process fluid contains 25 mole% CH 4 and the balance C 3 H 8 . 

5.15. A device has been designed to measure the flow rate of carbon dioxide evolved from a fermentation 
reactor. The reactor is sealed except for a tube that allows the generated carbon dioxide to bubble 
through a soap solution and into a vertical glass tube with an internal diameter of 1.2 cm. On leaving 
the soap solution, the gas forces thin soap films stretched across the tube to traverse the length of 
the tube. Ambient temperature and pressure are 27°C and 755 mm Hg. It takes the films 7.4 s to 
traverse the 1.2 m between two calibration marks on the tube. 

(a) Sketch the apparatus. 

(b) What is the rate of generation of C0 2 in mol/min? 

5.16. A stream of air (21 mole% 0 2 , the rest N 2 ) flowing at a rate of 10.0 kg/h is mixed with a stream of 
C0 2 . The C0 2 enters the mixer at a rate of 20.0 m 3 /h at 150°C and 1.5 bar. What is the mole percent 
of C0 2 in the product stream? 

5.17. Spray drying is a process in which a liquid containing dissolved or suspended solids is injected into 
a chamber through a spray nozzle or centrifugal disk atomizer. The resulting mist is contacted with 
hot air, which evaporates most or all of the liquid, leaving the dried solids to fall to a conveyor belt 
at the bottom of the chamber. 


Milk (70% hum _1_ 



f .. 

311 m 3 /min @ 83°C, 1 atm 

Inlet air 

167 a C, -40 cm H 2 0 

.<^7. 

Dried milk 
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nozzle 


Powdered milk is produced in a spray dryer 6 m in diameter by 6 m high. Air enters at 167°C 
and -40 cm H 2 0. The milk fed to the atomizer contains 70% water by mass, all of which evaporates. 
The outlet gas contains 12 mole% water and leaves the chamber at 83°C and 1 atm (absolute) at a 
rate of 311 m 3 /min. 

(a) Calculate the production rate of dried milk and the volumetric flow rate of the inlet air. Estimate 
the upward velocity of air (m/s) at the bottom of the dryer. 

(b) What problem would you guess would occur if the velocity is too high? 

5.18. Many references give the specific gravity of gases with reference to air. For example, the specific 
gravity of carbon dioxide is 1.52 relative to air at the same temperature and pressure. Show that this 
value is correct as long as the ideal gas equation of state applies. 

5.19. Sax and Lewis 12 describe the hazards of breathing air containing appreciable amounts of an asphyxi¬ 
ant (a gas that has no specific toxicity but, when inhaled, excludes oxygen from the lungs). When the 
mole percent of the asphyxiant in the air reaches 50%, marked symptoms of distress appear, and at 
75% death occurs in a matter of minutes. 

A small storage room whose dimensions are 2 m x 1.5 m x 3 m contains a number of expensive 
and dangerous chemicals. To prevent unauthorized entry, the room door is always locked and can 
be opened with a key from either side. A cylinder of liquid carbon dioxide is stored in the room. The 
valve on the cylinder is faulty and some of the contents have escaped over the weekend. The room 
temperature is 25°C. 

(a) If the concentration of C0 2 reaches the lethal 75 mole% level, what would be the mole percent 
of O 2 ? 

(b) How much C0 2 (kg) is present in the room when the lethal concentration is reached? Why 
would more than that amount have to escape from the cylinder for this concentration to be 
reached? 

(c) Describe a set of events that could result in a fatality in the given situation. Suggest at least 
two measures that would reduce the hazards associated with storage of this seemingly harmless 
substance. 

5.20. A tank in a room at 19°C is initially open to the atmosphere on a day when the barometric pressure 
is 102 kPa. A block of dry ice (solid CO->) with a mass of 15.7 kg is dropped into the tank, which 
is then sealed. The reading on the tank pressure gauge initially rises very quickly, then much more 
slowly, eventually reaching a value of 3.27 MPa. Assume Ta^ai = 19°C. 

(a) How many moles of air were in the tank initially? Neglect the volume occupied by C0 2 in the 
solid state, and assume that a negligible amount of C0 2 escapes prior to the sealing of the tank. 

(b) What is the final density (g/liter) of the gas in the tank? 

(c) Explain the observed variation of pressure with time. More specifically, what is happening in the 
tank during the initial rapid pressure increase and during the later slow pressure increase? 

5.21. In froth flotation, air is bubbled through an aqueous solution or slurry to which a foaming agent 
(soap) has been added. The air bubbles carry finely dispersed solids and hydrophobic materials such 
as grease and oil to the surface where they can be skimmed off in the foam. 

An ore-containing slurry is to be processed in a froth flotation tank at a rate of 300 tons/h. 
The slurry consists of 20.0 wt% solids (the ore. SG = 1.2) and the remainder an aqueous solution 
with a density close to that of water. Air is sparged (blown through a nozzle designed to produce 
small bubbles) into the slurry at a rate of 40.0 ft 3 (STP)/1000 gal of slurry. The entry point of the air 
is 10 ft below the slurry surface. The tank contents are at 75°F and the barometric pressure is 
28.3 in. Hg. The sparger design is such that the average bubble diameter on entry is 2.0 mm. 

(a) What is the volumetric flow rate of the air at its entering conditions? 

(b) By what percentage does the average bubble diameter change between the entry point and the 
slurry surface? 

5.22. 13 Several decades ago benzene was thought to be a harmless chemical with a somewhat pleasant 
odor and was widely used as a cleaning solvent. It has since been found that chronic exposure to 


12 N. I. Sax and R. J. Lewis, Hazardous Chemicals Desk Reference, Van Nostrand Reinhold, New York. 1987, 
p. 183. 

13 From D. A. Crowi. D. W. Hubbard, and R. M. Felder, Problem Set: Stoichiometry, Center for Chemical Process 
Safety, New York. 1993. 
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benzene can cause health problems such as anemia and possibly leukemia. Benzene has a permissible 
exposure level (PEL) of 1.0 ppm (part per million on a molar basis, equivalent to a mole fraction of 
1.0 x 10~ 6 ) averaged over an 8-hour period. 

The safety engineer in a plant wishes to determine whether the benzene concentration in a 
laboratory exceeds the PEL. One Monday at 9 a.m., 1 p.m., and 5 p.m., she collects samples of room 
air (33°C, 99 kPa) in evacuated 2-liter stainless steel containers. To collect a sample she opens the 
container valve, allows room air to enter until the container pressure equals atmospheric pressure, 
and then charges clean dry helium into the container until the pressure reaches 500 kPa. Next, she 
takes the containers to an analytical laboratory in which the temperature is 23°C, leaves them there 
for a day, and then feeds gas from each container to a gas chromatograph (GC) until the pressure 
in the container is reduced to 400 kPa. In the order in which they were collected, the samples that 
pass through the GC are found to contain 0.656 |xg (microgram), 0.788 pg, and 0.910 |xg of benzene, 
respectively. 

(a) What were the concentrations of benzene (ppm on a molar basis) in the original room air at 
the three collection times? (Assume ideal gas behavior.) Is the average concentration below the 
PEL? 

(b) Why did the engineer add helium to the container after collecting the room air sample? Why 
did she wait a day before analyzing the container contents? 

(c) Why might a finding that the average benzene concentration is below the PEL not necessarily 
mean that the laboratory is safe insofar as exposure to benzene is concerned? Give several rea¬ 
sons, including possible sources of error in the sampling and analysis procedure. (Among other 
things, note the day on which the samples were taken.) 
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5.23. 


A balloon 20 m in diameter is filled with helium at a gauge pressure of 2.0 atm. A man is standing 
in a basket suspended from the bottom of the balloon. A restraining cable attached to the basket 
keeps the balloon from rising. The balloon (not including the gas it contains), the basket, and the 
man have a combined mass of 150 kg. The temperature is 24°C that day, and the barometer reads 
760 mm Hg. 

(a) Calculate the mass (kg) and weight (N) of the helium in the balloon. 

(b) How much force is exerted on the balloon by the restraining cable? (Recall: The buoyant force 
on a submerged object equals the weight of the fluid—in this case, the air—displaced by the 
object. Neglect the volume of the basket and its contents.) 

(c) Calculate the initial acceleration of the balloon when the restraining cable is released. 

(d) Why does the balloon eventually stop rising? What would you need to know to calculate the 
altitude at which it stops? 

(e) Suppose at its point of suspension in midair the balloon is heated, raising the temperature of the 
helium. What happens and why? 


5.24. The Cookenwythe Gas Company pumps propane gas to the nearby Noxious Chemicals, Inc., 
polypropylene production plant. The gas is metered at the Noxious plant at 400 m 3 /h at 4.7 atm 
gauge and 30°C. The pressure at the Cookenwythe plant is 8.5 atm gauge, and the temperature is 
also 30°C. Noxious pays Cookenwythe at the rate of $0.60/kg C 3 H 8 . 

One dark night Sebastian Goniff, a Noxious engineer who is really a spy for the Rancid Plas¬ 
tics Corporation—Noxious’s principal competitor and a bunch of really rotten guys—puts into ef¬ 
fect his plan to divert propane from the Cookenwythe-Noxious line into an underground pipe that 
leads to a secret Rancid tank-truck loading station in the middle of a nearby abandoned garbage 
dump. To cover the operation, Goniff obtains a broken pressure gauge that is stuck at 4.7 atm 
and substitutes it for the gauge at the Noxious plant. He adjusts the gas pressure regulator so that 
the real gauge pressure is 1.8 atm, instructs his associate in the field via walkie-talkie to open the 
Rancid line gradually, and tells him to hold it when the flowmeter at Noxious reads 400 m 3 /h. To 
the unsuspecting Noxious meter reader, the flow rate and pressure would therefore appear to be 
normal. 

The plan goes according to schedule until the associate smells gas, suspects a leak near the valve, 
and lights a match to see if he can pinpoint the location. 

(a) What should the flowmeter read at the Cookenwythe end of the pipeline? 

(b) How much does Noxious pay Cookenwythe each month? 

(c) What flow rate of propane (kg/h) should the Rancid trucks be prepared to handle? 

(d) What happened? 
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5.25. An ideal gas mixture contains 35% helium, 20% methane, and 45% nitrogen by volume at 2.00 atm 
absolute and 90°C. Calculate (a) the partial pressure of each component, (b) the mass fraction of 
methane, (c) the average molecular weight of the gas, and (d) the density of the gas in kg/m 3 . 

5.26. There is a percentage of fuel in a fuel-air mixture called the lower flammable limit (LFL), below 
which the mixture cannot be ignited. There is also an upper flammable limit (UFL), a percentage 
of fuei above which ignition will not take place. The LFL and UFL are collectively known as the 
flammability limits of the fuel. 

The LFL and UFL of propane in air at 1 atm are, respectively, 2.05 mole% C 3 H g and 11.4 mole% 
CaHg. If the mole percent of propane in a propane-air mixture is between 2.05% and 11.4%, the 
gas mixture will burn explosively if exposed to a flame or spark; if the percentage is outside these 
limits, the mixture is safe—a match may bum in it but the flame will not spread. If the percentage 
of propane is below the LFL, the mixture is said to be too lean to ignite; if it is above the UFL, the 
mixture is too rich to ignite. 

(a) Which would be safer to release into the atmosphere—a fuel-air mixture that is too lean or too 
rich to ignite? Explain. 

(b) A mixture of propane in air containing 4.03 mole % C 3 H g is the feed to a combustion furnace. If 
there is a problem in the furnace, the mixture is diluted with a stream of pure air to make 
sure that it cannot accidentally ignite. If propane enters the furnace at a rate of 150 mol 
C 3 H g /s in the original fuel-air mixture, what is the minimum molar flow rate of the diluting 
air? 

(c) The actual diluting air molar flow rate is specified to be 130% of the minimum value. Assuming 
the fuel mixture (4.03 mole% C 3 H g ) enters the furnace at the same rate as in part (b) at 125°C 
and 131 kPa and the diluting air enters at 25°C and 110 kPa, calculate the ratio m 3 diluting air/m 3 
fuel gas and the mole percent of propane in the diluted mixture. 

(d) Give several possible reasons for feeding air at a value greater than the calculated minimum 
rate. 

5.27. An adult takes about 12 breaths per minute, inhaling roughly 500 mL of air with each breath. The 
molar compositions of the inspired and expired gases are as follows: 


Species 

Inspired Gas (%) 

Expired Gas (%) 

0 2 

20.6 

15.1 

C0 2 

0.0 

3.7 

n 2 

77.4 

75.0 

h 2 o 

2.0 

6.2 


The inspired gas is at 24°C and 1 atm, and the expired gas is at body temperature and pressure— 
37°C and 1 atm. Nitrogen is not transported into or out of the blood in the lungs, so that (N2)i n = 
(N 2 ) out . 

(a) Calculate the masses of O2, CO2, and H2O transferred from the pulmonary gases to the blood 
or vice versa (specify which) per minute. 

(b) Calculate the volume of air exhaled per milliliter inhaled. 

(c) At what rate (g/min) is this individual losing weight by merely breathing? 

5.28. As everyone who has used a fireplace knows, when a fire bums in a furnace, a draft, or slight vacuum, 
is induced that causes the hot combustion gases and entrained particulate matter to flow up and out 
of the stack. The reason is that the hot gas in the stack is less dense than air at ambient temperature, 
leading to a lower hydrostatic head inside the stack than at the furnace inlet. The theoretical draft 
D (N/m 2 ) is the difference in these hydrostatic heads; the actual draft takes into account pressure 
losses undergone by the gases flowing in the stack. 

Let I S (K) be the average temperature in a stack of height L(m) and 7' a the ambient temperature, 
and let and M a be the average molecular weights of the gases inside and outside the stack. Assume 
that the pressures inside and outside the stack are both equal to atmospheric pressure, ,P a (N/m 2 ) 
(in fact, the pressure inside the stack is normally a little lower). 
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(a) Use the ideal gas equation of state to prove that the theoretical draft is given by the expression 
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(b) Suppose the gas in a 53-m stack has an average temperature of 655 K and contains 18 mole% 
C0 2 , 2% 0 2 , and 80% N 2 on a day when barometric pressure is 755 mm Hg and the outside 
temperature is 294 K. Calculate the theoretical draft (cm H 2 0) induced in the furnace. 

5.29. Phosgene (CCI 2 O) is a colorless gas that was used as an agent of chemical warfare in World War I. 
It has the odor of newly mown hay (which is a good warning if you know the smell of newly mown 
hay), 

Pete Brouillette, an innovative chemical engineering student, came up with what he believed 
was an effective new process that utilized phosgene as a starting material. He immediately set up 
a reactor and a system for analyzing the reaction mixture with a gas chromatograph. To calibrate 
the chromatograph (i.e., to determine its response to a known quantity of phosgene), he evacuated 
a 15.0 cm length of tubing with an outside diameter of 0.635 cm and a wall thickness of 0.559 mm, 
and then connected the tube to the outlet valve of a cylinder containing pure phosgene. The idea 
was to crack the valve, fill the tube with phosgene, close the valve, feed the tube contents into the 
chromatograph, and observe the instrument response. 

What Pete hadn't thought about (among other things) was that the phosgene was stored in 
the cylinder at a pressure high enough for it to be a liquid. When he opened the cylinder valve, 
the liquid rapidly flowed into the tube and filled it. Now he was stuck with a tube full of liquid 
phosgene at a pressure the tube was not designed to support. Within a minute he was reminded of 
a tractor ride his father had once given him through a hayfield, and he knew that the phosgene was 
leaking. He quickly ran out of the lab, called campus security, and told them that a toxic leak had 
occurred and that the building had to be evacuated and the tube removed and disposed. Personnel 
in air masks shortly appeared, took care of the problem, and then began an investigation that is still 
continuing. 

(a) Show why one of the reasons phosgene was an effective weapon is that it would collect in low 
spots soldiers often entered for protection. 

(b) Pete’s intention was to let the tube equilibrate at room temperature (23°C) and atmospheric 
pressure. How many gram-moles of phosgene would have been contained in the sample fed to. 
the chromatograph if his plan had worked? 

(c) The laboratory in which Pete was working had a volume of 2200 ft 3 , the specific gravity of liq¬ 
uid phosgene is 1.37, and Pete had read somewhere that the maximum “safe” concentration of 
phosgene in air is 0.1 ppm (0.1X 10“ 6 mol CCl 2 0/mol air). Would the “safe” concentration have 
been exceeded if all the liquid phosgene in the tube had leaked into the room and evaporated? 
Even if the limit would not have been exceeded, give several reasons why the lab would still 
have been unsafe. 

(d) List several things Pete did (or failed to do) that made his experiment unnecessarily hazardous. 

5.30. A fuel gas containing 86% methane, 8% ethane, and 6% propane by volume flows to a furnace at a 
rate of 1450 m 3 /h at 15°C and 150 kPa (gauge), where it is burned with 8% excess air. Calculate the 
required flow rate of air in SCMH (standard cubic meters per hour). 

*5.31. The flow of air to a gas-fired boiler furnace is regulated by a minicomputer controller. The fuel 
gases used in the furnace are mixtures of methane (A), ethane (B), propane (C), n-butane (D), 
and isobutane (E). At periodic intervals the temperature, pressure, and volumetric flow rate of 
the fuel gas are measured, and voltage signals proportional to the values of these variables are 
transmitted to the computer. Whenever a new feed gas is used, a sample of the gas is analyzed 
and the mole fractions of each of the five components are determined and read into the com¬ 
puter. The desired percent excess air is then specified, and the computer calculates the required 
volumetric flow rate of air and transmits the appropriate signal to a flow control valve in the air 
line. 

The linear proportionalities between the input and the output signals and the corresponding 
process variables may be determined from the following calibration data: 


♦Computer problem. 
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Fuel Temperature: T = 25.0° C, R r — 14 

T = 35.0°C, R r = 27 


Fuel Pressure- 

Fuel Flow Rate- 

Air Flow Rate: 


Pgauge = 0 kPa, Rp = 0 

P gauge = 20.0 kPa, Rp = 6 

V f = 0 m 3 /h, R f = 0 

V { = 2.00 X 10 3 m 3 /h, R ( = 10 

V 3 = 0 m 3 (STP)/h, R s = 0 

V a = 1.0 x 10 5 m 3 (STP)/h, R, = 25 


(a) Create a spreadsheet or write a program to read in values of R f , R T , Rp, the fuel gas component 
mole fractions x A > *b> *c. and x E . and the percent excess air PX. and to calculate and print 
out the required value of R A - 

(b) Run your program for the following data. 


R f 

Rr 

R P 



■*c 

•*D 

x E 

PX 

7.25 

23.1 

7.5 

0.81 

0.08 

0.05 

0.04 

0.02 

15% 

5.80 

7.5 

19.3 

0.58 

0.31 

0.06 

0.05 

0.00 

23% 

2.45 

46.5 

15.8 

0.00 

0.00 

0.65 

0.25 

0.10 

33% 


5.32. The oxidation of nitric oxide 

NO + \O z ^ N0 2 

takes place in an isothermal batch reactor. The reactor is charged with a mixture containing 20.0 
volume percent NO and the balance air at an initial pressure of 380 kPa (absolute). 

(a) Assuming ideal gas behavior, determine the composition of the mixture (component mole frac¬ 
tions) and the final pressure (kPa) if the conversion of NO is 90%. 

(b) Suppose the pressure in the reactor eventually equilibrates (levels out) at 360 kPa. What is 
the equilibrium percent conversion of NO? Calculate the reaction equilibrium constant at the 
prevailing temperature, ^[(atm) -05 ], defined as 

K - (PNQ;) 

? (pso)(po 2 ) os 

where p;(atm) is the partial pressure of species i (N0 2 , NO, 0 2 ) at equilibrium. 

5-33. Monochlorobenzene (M) is produced commercially by the direct catalytic chlorination of benzene 
(B) at 40°C and 120 kPa absolute. In the process, dichlorobenzene (D) is generated as a coproduct: 

Ceih + Cl 2 — 0,H 5 C1 + HCI 
C 6 H 5 C1 + Cl 2 — QmCb + HCI 

Liquid and gas streams leave the reactor. The liquid contains 49.2 wt% M, 29.6% D, and the re¬ 
mainder unreacted B. The gas, which is sent to a treatment facility, contains 92%(v/v) HCI and 8% 
unreacted chlorine. 

(a) What volume of gas leaves the reactor (m 3 /kg B fed)? 

(b) The pipe through which the gas is to flow is sized so that the gas velocity is no greater than 10 m/s. 
Derive an expression relating pipe diameter d p (cm) to benzene feed rate m m (kg B/min). 

(c) In 1996, the demand for monochlorobenzene was projected to decrease by 6%/year through the 
year 2000. 14 What factors were contributing to the reduced demand when the projection was 
made? 


14 ChemExpo. Schnell Publishing, September 23,1996. Web address: 
http://www.chemexpo.com/chemexpo2/news/PROFILEsep23.html 



222 Chapter 5 Single-Phase Systems 



Equipment 

Encyclopedia 

CVD reactor 


5.34. 15 In chemical vapor deposition (CVD), a semiconducting or insulating solid material is formed in a 
reaction between a gaseous species and a species adsorbed on the surface of silicon wafers (disks 
about 10 cm in diameter and 1 mm thick). The coated wafers are subjected to further process¬ 
ing to produce the microelectronic chips in computers and most other electronic devices in use 
today. 

In one such process, silicon dioxide (MW = 60.06, SG = 2.67) is formed in the reaction be¬ 
tween gaseous dichlorosilane (DCS) and adsorbed nitrous oxide: 


SiH 2 Cl 2 (g) + 2N 2 0(ads) —* Si0 2 (s) + 2N 2 (g) + 2HCl(g) 

A mixture of DCS and N 2 0 flows through a “boat reactor”—a horizontal pipe in which 50-100 
silicon wafers about 12 cm in diameter and 1 mm thick are set upright along the reactor length, with 
about 20 mm separation between each wafer. A side view of the reactor is shown below: 



Outlet gas 


The feed gas enters the reactor at a rate of 3.74 SCMM (standard cubic meters per minute) and 
contains 22.0 mole% DCS and the balance N 2 0. In the reactor, the gas flows around the wafers, 
DCS and N 2 0 diffuse into the spaces between the wafers, N 2 0 is adsorbed on the wafer surfaces, 
and the adsorbed N 2 0 reacts with gaseous DCS. The silicon dioxide formed remains on the surface, 
and the nitrogen and hydrogen chloride go into the gas phase and eventually leave the reactor with 
the unconsumed reactants. The temperature and absolute pressure in the reactor are constant at 
900°C and 604 millitorr. 

(a) The percentage conversion of DCS at a certain axial position (distance along the length of the * 
reactor) is 60%. Calculate the volumetric flow rate (m 3 /min) of gas at this axial position. 

(b) The rate of deposition of silicon dioxide per unit area of wafer surface is given by the formula 


/ mol Si0 2 \ 

l m2 ‘ s ) 


= 3.16 x 10-% cs 4f o 


where p D cs and p N , 0 are the partial pressures of DCS and N 2 0 in millitorr. What is r at the 
axial position in the reactor where the DCS conversion is 60% ? 

(c) Consider a wafer located at the axial position determined in part (b). How thick is the silicon 
dioxide layer on that wafer after two hours of reactor operation, assuming that gas diffusion is 
rapid enough at the low reactor pressure for the composition of the gas (and hence the compo¬ 
nent partial pressures) to be uniform over the wafer surface? Express your answer in angstroms, 
where 1 A = 1.0 x 10” 10 m. (Hint: You can calculate the rate of growth of the Si0 2 layer in 
A/min from r and properties of Si0 2 given in the problem statement.) Would the thickness be 
greater or less than this value at an axial position closer to the reactor entrance? Briefly explain 
your answer. 


535. A gas turbine power plant receives a shipment of hydrocarbon fuel whose composition is uncertain 
but may be represented by the expression C ( H y . The fuel is burned with excess air. An analysis of 
the product gas gives the following results on a moisture-free basis: 10.5%(v/v) CO, 5.3% 0 2 , and 
84.2% N 2 . 

(a) Determine the molar ratio of hydrogen to carbon in the fuel (r), where r = yj x, and the per¬ 
centage excess air used in the combustion. 


15 Based on a problem in H. S. Fogier, Elements of Chemical Reaction Engineering, 2nd Edition, Prentice Hall, 
Englewood Cliffs, NJ, 1992, p. 323. 
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(b) What is the air-to-fuel ratio (m 3 air/kg of fuel) if the air is fed to the power plant at 30°C and 
98 kPa? 

5.36. Liquid hydrazine (SG = 0.82) undergoes a family of decomposition reactions that can be repre¬ 
sented by the stoichiometric expression 

3N 2 H 4 —* 6*H 2 + (1 + 2x)N 2 + (4 - 4 x)NH 3 


(a) For what range of values of x is this equation physically meaningful? 

(b) Plot the volume of product gas [ V (L)] at 600°C and 10 bars absolute that would be formed from 50 
liters of liquid hydrazine as a function of x , covering the range of x values determined in part (b). 

(c) Speculate on what makes hydrazine a good propellant. 

5.37. 16 Chemicals are stored in a laboratory with volume V (m 3 ). As a consequence of poor labora¬ 
tory practices, a hazardous species, A, enters the room air (from inside the room) at a constant 
rate m A (g A/h). The room is ventilated with clean air flowing at a constant rate V' air (m 3 /h). The 
average concentration of A in the room air builds up until it reaches a steady-state value 
C A . r (g A/m 3 ). 

(a) List at least four situations that could lead to A getting into the room air. 

(b) Assume that the A is perfectly mixed with the room air and derive the formula 

/KA = C A 

(c) The assumption of perfect mixing is never justified when the enclosed space is a room (as opposed 
to, say, a stirred reactor). In practice, the concentration of A varies from one point in the room 
to another: it is relatively high near the point where A enters the room air and relatively low 
in regions far from that point, including the ventilator outlet duct. If we say that C A .duci = 
where k < 1 is a nonideal mixing factor (generally between 0.1 and 0.5, with the lowest value 
corresponding to the poorest mixing), then the equation of part (b) becomes 

m A = kV ail C A 

Use this equation and the ideal gas equation of state to derive the following expression for the 
average mole fraction of A in the room air: 

_ m A RT 
VA j W* MaP 
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where M A is the molecular weight of A. 

(d) The permissible exposure level (PEL) for styrene (M = 104.14) defined by the U.S. Occupa¬ 
tional Safety and Health Administration is 50 ppm (molar basis). An open storage tank in a 
polymerization laboratory contains styrene. The evaporation rate from this tank is estimated 
to be 9.0 g/h. Room temperature is 20°C. Assuming that the laboratory air is reasonably well 
mixed (so that k = 0.5), calculate the minimum ventilation rate (m 3 /h) required to keep the 
average styrene concentration at or below the PEL. Then give several reasons why work¬ 
ing in the laboratory might still be hazardous if the calculated minimum ventilation rate is 
used. 

(e) Would the hazard level in the situation described in part (d) increase or decrease if the temper¬ 
ature in the room were to increase? (Increase, decrease, no way to tell.) Explain your answer, 
citing at least two temperature effects in your explanation. 

5.38. Propylene is hydrogenated in a batch reactor: 

C 3 H«(g) + H 2 (g) - C 3 H 8 (g) 

Equimolar amounts of propylene and hydrogen are fed into the reactor at 25°C and a total absolute 
pressure of 32.0 atm. The reactor temperature is raised to 235°C and held constant thereafter until 
the reaction is complete. The propylene conversion at the beginning of the isothermal period is 
53.2%. You may assume ideal gas behavior for this problem, although at the high pressures involved 
this assumption constitutes a crude approximation at best. 


> 6 From D. A. Crowl, D. W. Hubbard, and R. M. Felder, Problem Set: Stoichiometry, Center for Chemical Process 
Safety, New York, 1993. 
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(a) What is the final reactor pressure? 

(b) What is the percentage conversion of propylene when P = 35.1 atm? 

(c) Construct a graph of pressure versus fractional conversion of propylene covering the isothermal 
period of operation. Use the graph to confirm the results in parts (a) and (b). (Suggestion: Use 
a spreadsheet.) 

5.39. A natural gas contains 95 wt% CH 4 and the balance C 2 H 6 . Five hundred cubic meters per hour of 
this gas at 40°C and 1.1 bar is to be burned with 25% excess air. The air flowmeter is calibrated to 
read the volumetric flow rate at standard temperature and pressure. What should the meter read (in 
SCMH) when the flow rate is set to the desired value? 

5.40. A stream of hot dry nitrogen flows through a process unit that contains liquid acetone. A substantial 
portion of the acetone vaporizes and is carried off by the nitrogen. The combined gases leave the 
recovery unit at 205°C and 1.1 bar and enter a condenser in which a portion of the acetone is lique¬ 
fied. The remaining gas leaves the condenser at 10°C and 40 bar. The partial pressure of acetone in 
the feed to the condenser is 0.100 bar, and that in the effluent gas from the condenser is 0.379 bar. 
Assume ideal gas behavior. 

(a) Calculate for a basis of 1 m 3 of gas fed to the condenser the mass of acetone condensed (kg) and 
the volume of gas leaving the condenser (m 3 ). 

(b) Suppose the volumetric flow rate of the gas leaving the condenser is 20.0 m 3 /h. Calculate the 
rate (kg/h) at which acetone is vaporized in the solvent recovery unit. 

5.41. Ammonia is one of the chemical constituents of industrial waste that must be removed in a treatment 
plant before the waste can safely be discharged into a river or estuary. Ammonia is normally present 
in wastewater as aqueous ammonium hydroxide (NH 4 OH”). A two-part process is frequently car¬ 
ried out to accomplish the removal. Lime (CaO) is first added to the wastewater, leading to the 
reaction 

CaO + H.O —* Ca 2+ + 2(OH”) 


The hydroxide ions produced in this reaction drive the following reaction to the right, resulting in 
the conversion of ammonium ions to dissolved ammonia: 


NH 4 + OH” “ NH 3 (g) + H 2 0(1) 

Air is then contacted with the wastewater, stripping out the ammonia. 

(a) One million gallons per day of alkaline wastewater containing 0.03 mole NH 3 /mole ammonia- 
free HjO is fed to a stripping tower that operates at 68°F. Air at 68°F and 21.3 psia contacts 
the wastewater countercurrently as it passes through the tower. The feed ratio is 300 ft 3 air/gal 
wastewater, and 93% of the ammonia is stripped from the wastewater. Calculate the volumetric 
flow rate of the gas leaving the tower and the partial pressure of ammonia in this gas. 

(b) Briefly explain in terms a first-year chemistry student could understand how this process works. 
Include the equilibrium constant for the second reaction in your explanation. 

5.42. You have purchased a gas cylinder that is supposed to contain 5.0 mole % Cl 2 (±0.1%) and 95 % air. 
The experiments you have been running are not giving reasonable results, and you suspect that the 
chlorine concentration in the gas cylinder is incorrect. 

To check this hypothesis, you bubble gas from the suspicious cylinder through 2.0 L of an aque¬ 
ous NaOH solution (12.0 wt% NaOH, SG = 1.13) for exactly one hour. The inlet gas is metered at 
a gauge pressure of 510 mm H 2 0 and a temperature of 23°C. Prior to entering the vessel, the gas 
passes through a flowmeter that indicates a flow rate of 2.00 L/min. At the conclusion of the ex¬ 
periment, a sample of the residual NaOH solution is analyzed and the results show that the NaOH 
content has been reduced by 23%. What is the concentration of Cl 2 in the cylinder gas? (Assume 
the Cl 2 is completely consumed in the reaction Cl 2 + 2 NaOH —- NaCl + NaOCl + H 2 0.) 

5.43. Two humid gas streams are combined in a heated mixing chamber. The first stream contains 23.5 
mole% ethane and 76.5% ethylene on a dry basis and enters the chamber at 25°C and 105 kPa at 
a rate of 125 L/min. The second stream is humid air, which enters at 75°C and 115 kPa at a rate of 
355 L/min. The product stream emerges at 65°C and 1.00 atm. A hygrometer is used to measure the 
water contents of the two feed streams and the combined product stream. The calibration curve for 
the hygrometer is a straight line on a semilog plot of y (mole fraction of water) versus R (hygrometer 
reading), which passes through the points (y = 10” 4 , R = 5) and (>* = 0.2, R = 90). The following 
readings are recorded. 
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Hydrocarbon Feed Stream; R = 86.0 

Air Feed Stream: R = 12.8 
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(a) Derive an expression for y(R). 

(b) Calculate the volumetric flow rate of the product stream and the molar composition of the prod¬ 
uct gas on a dry basis. 

(c) Calculate the partial pressure of water in the product gas and the hygrometer reading for this 
stream. 

5.44. Most of the concrete used in the construction of buildings, roads, dams, and bridges is made from 
Portland cement, a substance obtained by pulverizing the hard, granular residue (clinker) from the 
roasting of a mixture of clay and limestone and adding other materials to modify the setting prop¬ 
erties of the cement and the mechanical properties of the concrete. 

The charge to a portland cement rotary kiln contains 17% of a dried building clay (72 wt% 
Si0 2 , 16% A1 2 0 3 , 7% Fe 2 0 3 , 1.7% K 2 0, 3.3% Na 2 0) and 83% limestone (95 wt% CaC0 3 , 5% 
impurities). When the solid temperature reaches about 900°C, calcination of the limestone to lime 
(CaO) and carbon dioxide occurs. As the temperature continues to rise to about 1450°C, the lime 
reacts with the minerals in the day to form such compounds as 3 CaOSi0 2 , 3 CaO-AbOj, and 
4 CaO ■ A1 2 0 3 • Fe 2 0 3 . The flow rate of C0 2 from the kiln is 1350 m 3 /h at 1000°C and 1 atm. 
Calculate the feed rates of clay and limestone (kg/h) and the weight percent of Fe 2 0 3 in the final 
cement. 

5.45. The ultimate analysis of a No. 4 fuel oil is 86.47 wt% carbon, 11.65% hydrogen, 1.35% sulfur, and the 
balance noncombustible inerts. This oil is burned in a steam-generating furnace with 15% excess air. 
The air is preheated to 175°C and enters the furnace at a gauge pressure of 180 mm Hg. The sulfur 
and hydrogen in the fuel are completely oxidized to S0 2 and H 2 0; 5% of the carbon is oxidized to 
CO, and the balance forms C0 2 . 

(a) Calculate the feed ratio (m 3 air)/(kg oil). 

(b) Calculate the mole fractions (dry basis) and the ppm (parts per million on a wet basis, or moles 
contained in 10 6 moles of the wet stack gas) of the stack gas spedes that might be considered 
environmental hazards. 

5.46. A stream of liquid n-pentane flows at a rate of 50.4 L/min into a heating chamber, where it evapo¬ 
rates into a stream of air 15% in excess of the amount needed to bum the pentane completely. The 
temperature and gauge pressure of the entering air are 336 K and 208.6 kPa. The heated gas flows 
into a combustion furnace in which a fraction of the pentane is burned. The product gas, which con¬ 
tains all of the unreacted pentane and no CO, goes to a condenser in which both the water formed 
in the furnace and the unreacted pentane are liquefied. The uncondensed gas leaves the condenser 
at 275 K and 1 atm absolute. The liquid condensate is separated into its components, and the flow 
rate of the pentane is measured and found to be 3.175 kg/min. 

(a) Calculate the fractional conversion of pentane achieved in the furnace and the volumetric flow 
rates (L/min) of the feed air, the gas leaving the condenser, and the liquid condensate before its 
components are separated. 

(b) Sketch the apparatus that could have been used to separate the pentane and water in the con¬ 
densate. Hint: Remember that pentane is a hydrocarbon and recall what is said about oil (hy¬ 
drocarbons) and water. 

5.47. The feed stream to a Claus plant consists of 20.0 mole% H 2 S and 80.0% C0 2 . One-third of the 
stream is sent to a furnace where the H 2 S is burned completely with a stoichiometric amount of air 
fed at 1 atm and 25°C. The reaction is 


H 2 S + § 0 2 so 2 + H 2 0 

The product gases from this reaction are then mixed with the remaining two-thirds of the feed stream 
and sent to a reactor in which the following reaction goes to completion: 


2H 2 S + S0 2 — 2H 2 0 + 3S 

The gases leave the reactor flowing at a rate of 10.0 m 3 /min at 380°C and 205 kPa absolute. Assuming 
ideal gas behavior, determine the feed rate of air in kmol/min. 

5.48. Sulfuric acid is the chemical produced in the United States with the highest volume of production. 
In one of the earliest processes used to make it, an ore containing iron pyrites (FeS 2 ) is roasted 
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(burned) with air. The following reactions take place in the roasting furnace: 

2 FeS 2 (s) + 0 2 (g) —> Fe 2 0 3 (s) + 4 S0 2 (g) [1] 

2 FeS 2 (s) + f 02(g) — Fe 2 0 3 (s) + 4 S0 3 (g) [2] 

The gas leaving the reactor goes to a catalytic converter in which most of the S0 2 produced is further 
oxidized to S0 3 : 

S0 2 + |0 2 —* S0 3 [3J 

Finally, the gas leaving the converter passes through an absorption tower, in which the S0 3 is ab¬ 
sorbed in water to produce sulfuric acid (H 2 SC> 4 ). 

(a) An ore containing 82 wt% FeS 2 and 18% inerts is fed to a roasting furnace. Dry air is fed to 
the furnace in 40% excess of the amount theoretically required to oxidize all of the sulfur in 
the ore to S0 3 . An FeS 2 oxidation of 85% is obtained, with 40% of the FeS 2 converted forming 
sulfur dioxide and the rest forming sulfur trioxide. Two streams leave the roaster: a gas stream 
containing S0 2 , S0 3 ,0 2 , and N 2 , and a solid stream containing unconverted pyrites, ferric oxide, 
and inert material in the ore. Calculate the required feed rate of air in standard cubic meters 
per 100 kg of ore roasted and the molar composition and volume (SCM/100 kg of ore) of the 
gas leaving the roasting oven. 

(b) The gas leaving the roasting oven enters the catalytic converter, which operates at 1 atm. 
The conversion reaction [3] proceeds to an equilibrium point at which the component partial 
pressures satisfy the relation 


Pso 3 

PsOiPo* 


= K P (T) 


The gases are first heated to 600°C, at which K p = 9.53 atm ' 1 2 . and are then cooled to 400°C, 
where K p = 397 atm' 1/2 . The rate of the forward reaction increases sharply with temperature 
and is several orders of magnitude greater at 600°C than at 400°C. Calculate the equilibrium 
fractional conversions of sulfur dioxide in the converter when the temperature is 600°C and 
when it is 400°C. Briefly explain why the converter gases are initially heated and then cooled, 

(c) Assuming complete conversion to sulfuric acid of the sulfur trioxide leaving the converter, how 
many kg of H 2 S0 4 will be produced per kg of sulfur in the ore? What would this ratio have 
been if all of the sulfur in the ore had been converted? Summarize the factors responsible for 
the second number being larger than the first one. 


5.49. You have been assigned the task of measuring the equilibrium constant for the reaction N 2 0 4 ^ 
2N0 2 as a function of temperature. To do so, you obtain a rigid 2-liter vessel equipped with a pressure 
gauge, evacuate and then fill the vessel with a mixture of N0 2 and N 2 O 4 , and heat the vessel to 
To = 473 K, a temperature at which you know the gas is essentially pure N0 2 . The gauge pressure 
at this point is noted to be 1.00 atm. You then decrease the temperature in stages, recording the 
equilibrium gauge pressure at each temperature. The data are as follows: 


T(K) 

473 

350 

335 

315 

300 

Fgauge(atm) 

1.00 

0.272 | 

0.111 

-0.097 

-0.224 


T 

Pure N0 2 


(a) How many gram-moles of N0 2 are in the vessel at 473 K? 

(b) The reaction equilibrium constant is 

~ P%oJ PN 2 0 4 

where ps 0j and ps 2 o t are the equilibrium partial pressures of N0 2 and N 2 0 4 . Derive an equa¬ 
tion or a series of equations for calculating K p (atm) from specified values of T and P gauge . (Sug¬ 
gestion: Begin by defining n\ and n 2 as the moles of N0 2 and N 2 0 4 present at equilibrium.) Then 
calculate K p for T = 350 K, 335 K, 315 K, and 300 K. ( Suggestion: Use a spreadsheet program.) 

(c) The equilibrium constant should vary with temperature according to the relation 

K p - ae~ b/T 

Use the results of part (b) to determine the values of a and b by a graphical curve-fitting proce¬ 
dure. [Suggestion: Use the spreadsheet program from part (b).] 
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5.50. The demand for a particular hydrogenated compound, S, is 5.00 kmol/h. This chemical is synthesized 
in the gas-phase reaction 

A + H 2 ^ S 

The reaction equilibrium constant at the reactor operating temperature is 

K p = ——— = 0.1 atm -1 
PaPh 2 

Hie fresh feed to the process is a mixture of A and hydrogen that is mixed with a recycle stream 
consisting of the same two species. The resulting mixture, which contains 3 kmol A/kmot H 2 , is fed 
to the reactor, which operates at an absolute pressure of 10.0 atm. The reaction products are in 
equilibrium. The effluent from the reactor is sent to a separation unit that recovers all of the S in 
essentially pure form. The A and hydrogen leaving the separation unit form the recycle that is mixed 
with fresh feed to the process. Calculate the feed rates of hydrogen and A to the process in kmol/h 
and the recycle stream flow rate in SCMH (standard cubic meters per hour), 

5.51. Methanol is synthesized from carbon monoxide and hydrogen in the reaction 

CO + 2H 2 ^ CH 3 OH 

A process flowchart is shown below. 


M * CH3OH 


nitkmol CO/h) 
n 2 (kmol H 2 /h) 


n^kmol CO/h) 



/i 5 (kmoi Hj/h) 




s_* 

REACTOR 


SFPARATnf? 


_yiOG kmol CO/h 
rt 3 (kmol Hj/h) 

n 4 (kmoi CO/h) 
n s (kmol Hj/h! 
n s {kmoi M/h) 
TTK). P{kPa) 



a s (kmol M/h) 

TtK), P(kPa) 
H, s (% excess H- 

) 





The fresh feed to the system, which contains only CO and H 2 , is blended with a recycle stream 
containing the same species. The combined stream is heated and compressed to a temperature T (K) 
and a pressure P(kPa) and fed to the reactor. The percentage excess hydrogen in this stream is 
H x 5 - The reactor effluent—also at T and P —goes to a separation unit where essentially all of the 
methanol produced in the reactor is condensed and removed as product. The unreacted CO and H 2 
constitute the recycle stream blended with fresh feed. 

Provided that the reaction temperature (and hence the rate of reaction) is high enough and 
the ideal gas equation of state is a reasonable approximation at the reactor outlet conditions (a 
questionable assumption), the ratio 


V _ PCH3OH 
^ pc ~ 

PcoPh 2 

approaches the equilibrium value 

K P (T) = 1.390 X 10~ 4 exp^21.225 + - 7.492 In T + 4.076 X 10' 3 r - 7.161 X 10~ 8 r 2 j 

In these equations, p, is the partial pressure of species i in kilopascals (i = CH 3 OH, CO, H 2 ) and 

T is in Kelvin. 

(a) Suppose P = 5000 kPa, T = 500 K, and H„ = 5.0%. Calculate /i 4 , h$, and ii 6 , the component 
flow rates (kmol/h) in the reactor effluent. [ Suggestion: Use the known value of W xs , atomic bal¬ 
ances around the reactor, and the equilibrium relationship, K pc = K P (T% to write four equations 
in the four variables nj to use algebra to eliminate all but and use trial and error to solve 
the remaining nonlinear equation for n 6 .] Then calculate component fresh feed rates (h x and h 2 ) 
and the flow rate (SCMH) of the recycle stream. 

*(b) Write a spreadsheet program to perform the calculations of part (a) for the same basis of calcu¬ 
lation (100 kmol CO/h fed to the reactor) and different specified values of P(kPa), T(K), and 


♦Computer problem. 
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The spreadsheet should have the following columns: 

A. P(kPa) 

B. T(K) 

C. H„(%) 

D. K P {T) x 10 8 . (The given function of T multiplied by 10 s . Whffii = 500 K, the value in this 
column should be 91.113.) 

E. K p P 2 

E n 3 . The rate (kmol/h) at which H 2 enters the reactor. 

G. h*. The rate (kmol/h) at which CO leaves the reactor. 

H. / 15 . The rate (kmol/h) at which H 2 leaves the reactor. 

I. « 6 . The rate (kmol/h) at which methanol leaves the reactor. 

J. n tot . The total molar flow rate (kmol/h) of the reactor effluent. 

K. Kpc x 10 8 . The ratio yM/(yco^H 2 ) multiplied by 10 8 . When the correct solution has been 
attained, this value should equal the one in Column E. 

L. K p P 2 - K pc P 2 . Column E - Column K, which equals zero for the correct solution. 

M. h\. The molar flow rate (kmol/h) of CO in the fresh feed. 

N. « 2 . The molar flow rate (kmol/h) of H 2 in the fresh feed. 

O. K rec (SCMH). The flow rate of the recycle stream in m 3 (STP)/h. 

When the correct formulas have been entered, the value in Column I should be varied until the 
value in Column L equals 0. 

Run the program for the following nine conditions (three of which are the same): 

• T = 500 K, H xs = 5%, and P = 1000 kPa, 5000 kPa, and 10,000 kPa. 

• P = 5000 kPa, H xs = 5%, and T = 400 K, 500 K, and 600 K. 

• T = 500 K, P = 5000 kPa, and H u = 0%, 5%, and 10%. 
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Summarize the effects of reactor pressure, reactor temperature, and excess hydrogen on the 
yield of methanol (kmol M produced per 100 kmol CO fed to the reactor). 

(c) You should find that the methanol yield increases with increasing pressure and decreasing tem¬ 
perature. What cost is associated with increasing the pressure? 

(d) Why might the yield be much lower than the calculated value if the temperature is too low? 

(e) If you actually ran the reaction at the given conditions and analyzed the reactor effluent, why 
might the spreadsheet values in Columns F-M be significantly different from the measured val¬ 
ues of these quantities? (Give several reasons, including assumptions made in obtaining the 
spreadsheet values.) 

5.52. One gram-mole each of CO 2 ,0 2 , and N 2 are fed to a batch reactor and heated to 3000 K and 5.0 atm. 

The two reactions given here proceed to equilibrium (also shown are the equilibrium constants at 

3000 K). 

C0 2 - CO + *o 2 

Ki = (pcoPq*)/ Pco 2 = 0.3272 atm 1 ' 2 


i0 2 + £N 2 5 * NO 


Kt = p m /(po 2 PN 2 y /2 = 0.1222 

Calculate the equilibrium composition (component mole fractions) of the reactor contents. [Sugges¬ 
tion: Express A'i and K 2 in terms of the extents of the two reactions, ft and ft. (See Section 4.6d.) 
Then use an equation-solving program or a trial-and-error procedure, such as the Newton-Raphson 
method (Appendix A.2), to solve for ft and ft, and use the results to determine the equilibrium mole 
fractions.] 

5,53. Terephthalic acid (TPA), a raw material in the manufacture of polyester fiber, film, and soft drink 
bottles, is synthesized from p-xyiene (PX) in the process shown below. 


C g H 10 +30, — QHsO* -!-2H 2 0 


px 


TPA 
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Off-gases: 



Recycle (I); PX, S 
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A fresh feed of pure liquid PX combines with a recycle stream containing PX and a solution (S) of a 
catalyst (a cobalt salt) in a solvent (methanol). The combined stream, which contains S and PX in a 
3:1 mass ratio, is fed to a reactor in which 90% of the PX is converted to TPA. A stream of air at 25°C 
and 6.0 atm absolute is also fed to the reactor. The air bubbles through the liquid and the reaction 
given above takes place under the influence of the catalyst. A liquid stream containing unreacted PX, 
dissolved TPA, and all the S that entered the reactor goes to a separator in which solid TPA crystals 
are formed and filtered out of the solution. The filtrate, which contains all the S and PX leaving the 
reactor, is the recycle stream. A gas stream containing unreacted oxygen, nitrogen, and the water 
formed in the reaction leaves the reactor at 105°C and 5.5 atm absolute and goes through a condenser 
in which essentially all the water is condensed. The uncondensed gas contains 4.0 mole% 0 2 . 

(a) Taking 100 kmol TPA produced/h as a basis of calculation, draw and label a flowchart for the 
process. 

(b) What is the required fresh feed rate (kmol PX/h)? 

(c) What are the volumetric flow rates (m 3 /h) of the air fed to the reactor, the gas leaving the reactor, 
and the liquid water leaving the condenser? Assume ideal gas behavior for the two gas streams. 

(d) What is the mass flow rate (kg/h) of the recycle stream? 

(e) Briefly explain in your own words the functions of the oxygen, nitrogen, catalyst, and solvent in 
the process. 

(f) In the actual process, the liquid condensate stream contains both water and PX. Speculate on 
what might be done with the latter stream to improve the economics of the process. [Hint: Note 
that PX is expensive, and recall what is said about oil (hydrocarbons) and water.] 

5,54. A flowchart of a methanol synthesis process is shown below. 


G 



The following specifications apply to the labeled streams and process units: 

A. Fresh feed—a mixture of CO, H 2 , N 2 , and C0 2 

B. Feed to the reactor—30.0 mole% CO, 63.0% H 2 ,2.0% N 2 , and 5.0% C0 2 . 

Reactor. Two reactions occur and proceed to equilibrium at 200°C and 4925 kPa absolute: 

CO + 2 H 2 ^ CH 3 OH(M), (*,) t = —^V- = 3.49 X 10' 6 kPa~ 2 

PcoPh 2 

C0 2 + 3 H 2 - CH 3 OH + H 2 0 (K p ) 2 = E*R*£l = 5.19 X 10' s kPa“ 2 

PCOiPHt 

C. Reactor effluent contains all feed and product species at the reactor temperature and pressure. 
Species partial pressures satisfy the two given equations. 
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Sepl. Condenses all methanol and water in reactor effluent. 

D. Liquid methanol and water. (These species will be separated by distillation in a unit not shown.) 

E. Gas containing N 2 and unreacted CO, H 2 , and CO 2 . 

Sep2. Multiple-unit separation process. 

F. All of the nitrogen and some of the hydrogen in Stream E. 

G. Recycle stream—CO, C0 2 , and 10% of the hydrogen fed to Sep2. 

(a) Taking 100 kmol/h of Stream B as a basis of calculation, calculate the molar flow rates (kmol/h) 
and molar compositions of the remaining six labeled streams. 

(b) The process is to be used to provide 237 kmol/h of methanol. Scale up the flowchart of part (a) 
to calculate the required fresh feed rate (SCMH), the flow rate of the reactor effluent (SCMH), 
and the actual volumetric flow rate of the reactor effluent (m 3 /h), assuming ideal gas behavior. 

(c) Use the rule of thumb for a diatomic gas given on p. 192 to test the ideal gas assumption at the 
reactor outlet. If the assumption is invalid, which of the values calculated in part (b) are in error? 

5.55. The measured volumetric flow rate of ethane at 10.0 atm absolute and 35°C is 1.00 x 10 3 L/h. Using 
an estimated value of the second viriai coefficient in the truncated virial equation (Equation 5.3-4), 
(a) calculate 9 (L/mol); (b) estimate the compressibility factor, z ; and (c) determine the mass flow 
rate of ethane in kg/h. 

5.56. Methanol is to be delivered to a process unit at a rate of 15.0 kmol/h by a stream that is 30.0 mole% 
methanol and 70.0 rnole% propane. Estimate the volumetric flow rate of this stream at 10.0 atm and 
100.0°C using the truncated virial equation and the following mixing rule: 

S mix = 

> J 

where the virial coefficients for the pure species, B u and B n , are determined from Equation 5.3-5 
and Bij » 0.5(3,,- + B j} ). 

5.57. The van der Waals equation of state (Equation 5.3-6) is to be used to estimate the specific molar 
volume V( L/mol) of air at specified values of T (K) and P (atm). The van der Waals constants for air 
are a = 1.33 atm-L 2 /mol 2 and b — 0.0366 L/mol. 

(a) Show why the van der Waals equation is classified as a cubic equation of state by expressing it 
in the form 

f(9) = c 3 V 3 + c 2 V 2 + c x 9 + c 0 = 0 

where the coefficients C 3 , c 2 , ci, and c 0 involve P,R,T, a, and b. Calculate the values of these 
coefficients for air at 223 K and 50.0 atm. (Include the proper units when giving the values.) 

(b) What would the value of V be if the ideal gas equation of state were used for the calculation? 
Use this value as an initial estimate of 9 for air at 223 K and 50.0 atm and solve the van der Waals 
equation by trial and error to obtain a better estimate. What percentage error results from the 
use of the ideal gas equation of state, taking the van der Waals estimate to be correct? 

*(c) Set up a spreadsheet to carry out the calculations of part (b) for air at 223 K and several pressures. 
The spreadsheet should appear as follows: 


T(K) 

P(atm) 

c3 

c2 

cl 

cO 

V(ideal) 

(L/mol) 

V 

(L/mol) 

f(V) 

% error 

223 

1.0 









223 

10.0 





. . . 




223 

50.0 









223 

100.0 




. . . 





223 

200.0 
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The polynomial expression for V (f = c 3 V 3 + c 2 V 2 A —) should be entered in the /(V) column, 
and the value in the V column should be varied until /(V) is essentially zero. Use goal-seeking 
if the spreadsheet program includes this feature. 

(d) Do the calculation for 223 K and 50.0 atm using the Newton-Raphson method (Appendix A.2). 

5.58. A 5.0-m 3 tank is charged with 75.0 kg of propane gas at 25°C. Use the SRK equation of state to 
estimate the pressure in the tank; then calculate the percentage error that would result from the use 
of the ideal gas equation of state for the calculation. 

5.59. The absolute pressure within a 35.0-liter gas cylinder should not exceed 51.0 atm. Suppose the cylin¬ 
der contains 50.0 mol of a gas. Use the SRK equation of state to calculate the maximum permissible 
cylinder temperature if the gas is (a) carbon dioxide and (b) argon. Finally, calculate the values that 
would be predicted by the ideal gas equation of state. 

5.60. A stream of oxygen at -65°C and 8.3 atm flows at a rate of 250 kg/'h. Use the SRK equation of state 
to estimate the volumetric flow rate of this stream. (See Example 5.3-3.) 

5.61. An innovative engineer has invented a device to replace the hydraulic jacks found at many service 
stations. A movable piston with a diameter of 0.15 m is fitted into a cylinder. Cars are raised by 
opening a small door near the base of the cylinder, inserting a block of dry ice (solid C0 2 ), closing 
and sealing the door, and vaporizing the dry ice by applying just enough heat to raise the cylinder 
contents to ambient temperature (25°C). The car is subsequently lowered by opening a valve and 
venting the cylinder gas. 

The device is tested by raising a car a vertical distance of 1.5 m. The combined mass of the piston 
and the car is 5500 kg. Before the piston rises, the cylinder contains 0.030 m 3 of C0 2 at ambient 
temperature and pressure (1 atm). Neglect the volume of the dry ice. 


Force exerted 
by weight of 
car and piston 



(a) Calculate the pressure in the cylinder when the piston comes to rest at the desired elevation. 

(b) How much dry ice (kg) must be placed in the cylinder? Use the SRK equation of state for this 
calculation. 

(c) Outline how you would calculate the minimum piston diameter required for any elevation of 
the car to occur if the calculated amount of dry ice is added. (Just give formulas and describe 
the procedure you would follow—no numerical calculations required.) 

5.62. 17 An oxygen tank with a volume of 2.5 ft 3 is kept in a room at 50°F. An engineer has used the ideal gas 
equation of state to determine that if the tank is first evacuated and then charged with 35.3 lb m of 
pure oxygen, its rated maximum allowable working pressure (MAWP) will be attained. Operation 
at pressures above this value is considered unsafe. 

(a) What is the maximum allowable working pressure (psig) of the tank? 

(b) You suspect that at the conditions of the fully charged tank, ideal gas behavior may not be a good 
assumption. Use the SRK equation of state to obtain a better estimate of the maximum mass of 
oxygen that may be charged into the tank. Did the ideal gas assumption lead to a conservative 


l7 From D. A. Crowi, D. W. Hubbard, and R. M. Felder, Problem Set: Stoichiometry, Center for Chemical Process 
Safety, New York, 1993. 
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estimate (on the safe side) or a nonconservative estimate of the amount of oxygen that could 
be charged? 

(c) Suppose the tank is charged and ruptures before the amount of oxygen calculated in part (b) 
enters it. (It should have been able to withstand pressures up to four times the MAWP.) Think 
of at least five possible explanations for the failure of the tank below its rated pressure limit. 

*5.63. Using the SRK equation of state (or any other cubic equation of state) to determine a specific volume 
from a specified temperature and pressure requires a trial-and-error calculation. Three computer- 
based approaches to solving this problem may be used: (1) spreadsheeting; (2) mathematical pack¬ 
ages such as Mathcad, Mathematica, Maple, and E-Z Solve; and (3) programming languages such as 
Fortran and C ++ . The goal of this problem is to use each approach to determine ^(L/mol) for C0 2 
at (i) 200 K and 6.8 atm; (ii) 250 K and 12.3 atm; (iii) 300 K and 6.8 atm; (iv) 300 K and 21.5 atm; 
and (v) 300 K and 50.0 atm. 

(a) Starting with Equation 5.3-7, derive the following equivalent expression for the SRK equation 
of state: 

f(V) » py 3 - RTV 2 + (aa - b l P - bRT)V - aab = 0 

(b) Write a spreadsheet program to take as inputs a species identifier (such as C0 2 ), the critical 
temperature, critical pressure, and Pitzer acentric factor, and the temperatures and pressures 
for which 9 is to be calculated, and to calculate V using Equations 5,3-9 to 5.3-13 for each of the 
specified conditions. The spreadsheet should have the following structure; 


PROBLEM 5.63—SRK EQUATION SPREADSHEET 


1- 

I 





Species 

C02 





7c(K) 

304.2 





Pc(atm) 

72.9 





w 

0.225 





a 

***** 





b 

***** 





m 

* **** 











r(K) 

P(atm) 

alpha 

V(ideal) 

P(SRK) 

f(V) 

200 

OS 

bo 

1.3370 

2.4135 

2.1125 

*.**E-** 

250 

12.3 

* **** 

* **** 

* **** 

* **g_** 

300 

6.8 

***** 

***** 

***** 

***£_.** 

300 

21.5 

*^**** 

***** 

***** 

***£_.** 

300 | 50.0 

* **** 

* **** 

* **** 

* **J£_** 


Single digits should appear in place of each asterisk shown on the table. Formulas should be 
entered into the row for 200 K and 6.8 atm and copied into the next four rows. The goalseek 
tool should be used to determine each P(SRK), starting with the ideal gas value and varying the 
cell value to make f(V) as close as possible to zero. 


♦Computer problem. 
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(c) Use a root-finding procedure in a mathematical software package to determine V for each of 
the five conditions. 

(d) Write a program (in Fortran or another programming language) to determine V for each of the 
five conditions using Newton’s rule (Appendix A.2d). The program should 

(i) Read in values of the species formula (CO 2 ), the critical temperature and pressure, and the 
Pitzer acentric factor. 

(il) Calculate a, b, and m. 

(iil) Read values of T and P for which 9 is to be calculated. Terminate if a negative value of T 
is input. 

(iv) Use the ideal gas equation of state to generate the initial value of V. 

(v) Calculate and print successive estimates of V using Equation A.2-2, stopping when the 
fractional change in V from one iteration to the next (e of Equation A.2-8) is less than 
1.0 X 10” 5 . Build in an upper limit of 15 iterations for each process condition; if conver¬ 
gence is not achieved within that limit, print an error message and quit. 

(vi) Go back to Step (iii). 

(e) Briefly summarize the advantages and disadvantages of the three problem-solving approaches. 

5.64. Use the generalized compressibility chart to estimate z for (a) nitrogen at 40°C and 40 MPa and 

(b) helium at -200°C and 350 atm. (Don’t forget Newton’s corrections.) 

5.65. A certain gas has a molecular weight of 30.0, a critical temperature of 310 K. and a critical pressure 
of 4.5 MPa. Calculate the density in kg/m 3 of this gas at 465 K and 9.0 MPa (a) if the gas is ideal and 
(b) if the gas obeys the law of corresponding states. 

5.66. One hundred pounds of CO 2 is contained in a 10.0-ft 3 tank. The safety limit of the tank is 1600 psig. 
Use the compressibility chart to estimate the maximum permissible gas temperature. 

5.67. A stream of oxygen enters a compressor at 298 K and 1.00 atm at a rate of 127 m 3 /h and is com¬ 
pressed to 358 K and 1000 atm. Estimate the volumetric flow rate of compressed O;, using the 
compressibiiity-factor equation of state. 

5.68. A 10-liter cylinder containing oxygen at 175 atm absolute is used to supply O 2 to an oxygen tent. 
The cylinder can be used until its absolute pressure drops to 1.1 atm. Assuming a constant tem¬ 
perature of 27°C, calculate the gram-moles of O 2 that can be obtained from the cylinder, using the 
compressibility-factor equation of state when appropriate. 

5.69. Dry ice (solid CCb) has been used as a mine explosive in the following manner. A hole is drilled 
into the mine wall, filled with dry ice plus a small charge of gunpowder, and then plugged. The 
gunpowder is lit with a fuse, vaporizing the CO 2 and building up an explosively high pressure within 
the hole. Use each of the following correlations to estimate the pressure that will develop if 5.00 g of 
dry ice is placed in a 50.0-mL hole and heated to 1000 K: (a) the ideal gas equation of state, (b) the 
compressibility-factor equation of state, and (c) the SRK equation of state. 

5.70. The concentration of oxygen in a 5000-liter tank containing air at 1 atm is to be reduced by pressure 
purging prior to charging a fuel into the tank. The tank is charged with nitrogen up to a high pres¬ 
sure and then vented back down to atmospheric pressure. The process is repeated as many times 
as required to bring the oxygen concentration below 10 ppm (i.e., to bring the mole fraction of O 2 
below 10.0 x 10~ 6 ). Assume that the temperature is 25°C at the beginning and end of each charging 
cycle. 

When doing PVT calculations in parts (b) and (c), use the generalized compressibility chart if 
possible for the fully charged tank and assume that the tank contains pure nitrogen. 

(a) Speculate on why the tank is being purged. 

(b) Estimate the gauge pressure (atm) to which the tank must be charged if the purge is to be done 
in one charge-vent cycle. Then estimate the mass of nitrogen (kg) used in the process. (For this 
part, if you can’t find the tank condition on the compressibility chart, assume ideal gas behavior 
and state whether the resulting estimate of the pressure is too high or too low.) 

(c) Suppose nitrogen at 700 kPa gauge is used for the charging. Calculate the number of charge-vent 
cycles required and the total mass of nitrogen used. 

(d) Use your results to explain why multiple cycles at a lower gas pressure are preferable to a single 
cycle. What is a probable disadvantage of multiple cycles? 
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5.71. A stream of propane at an average temperature T = 566°R and absolute pressure P = 6.8 atm flows 
from a hydrocarbon processing plant to a nearby customer’s production facility. A technician at the 
processing plant periodically measures the volumetric flow rate of the stream, F(ft 3 /h), and reports 
the value to the billing office. The customer is charged for the propane at a rate 

C(S/h) = 60.4^ 

where S($/lb m ) is the unit cost of propane. 

(a) Derive the given formula, assuming ideal gas behavior. 

(b) One day a recent chemical engineering graduate working at the processing plant comes across 
the formula used to calculate the charge for the propane stream. She figures out where the for¬ 
mula came from and uses the generalized compressibility chart to derive an improved formula. 
What is her result? Calculate the percentage by which the plant was overcharging or under¬ 
charging the customer (state which) when it used the old formula. 

5.72. Approximately 150 SCFM (standard cubic feet per minute) of nitrogen is required by a process 
facility. As shown in the diagram below, plans call for supplying the facility from a tank of liquid 
nitrogen (SG = 0.81) at its normal boiling point (~350°F) and 1 atm. Nitrogen vapor leaves the 
tank and is compressed and heated to obtain the desired conditions, 150°F and 600 psia. 

(a) Using the generalized compressibility charts, determine the volumetric flow rate of nitrogen 
delivered from the heater. 

(b) What would the required minimum tank size be if deliveries are made to the site no more fre¬ 
quently than every two weeks? 



600 psia 
150°F 


5.73. A 150-liter cylinder of carbon monoxide is stored in a 30.7-m 3 room. The pressure gauge on the tank 
reads 2500 psi when the tank is delivered. Sixty hours later the gauge reads 2245 psi, indicating a leak. 
The Ceiling Threshold Limit Value (TLV-C) molar concentration of CO—that is, the concentration 
considered unsafe for even instantaneous human exposure—is 200 ppm (200 x 10~ 6 mol CO/mol 
room air). The temperature of the room is constant at 27°C. 

(a) Estimate the average leak rate (mol CO/h). Do not assume that the gas in the cylinder behaves 
ideally. 

(b) Calculate f m m(h), the minimum time from delivery at which the average concentration of CO in 
the room could have reached the TLV-C concentration. Explain why the actual time to reach 
this concentration would be greater. 

(c) Why could it be disastrous to enter the room at any time without proper personal protective 
equipment on, even at a time t < r^n? (Think of at least three possible reasons.) 

5.74. A gas consists of 20.0 mole% CEL, 30.0%C2H6, and 50.0% C 1 H 4 . Ten kilograms of this gas is to be 
compressed to a pressure of 200 bar at 90°C. Using Kay’s rule, estimate the final volume of the gas. 

5.75. A 30-liter cylinder is evacuated and filled with 5.00 kg of a gas containing 10.0 mole% N 2 O and 
the balance N 2 . The gas temperature is 24°C. Use the compressibility chart to solve the following 
problems. 

(a) What is the gauge pressure (atm) of the cylinder gas after the tank is filled? 

(b) A fire breaks out in the plant where the cylinder is kept, and the cylinder valve ruptures when 
the gas gauge pressure reaches 273 atm. What was the gas temperature (°C) at the moment 
before the rupture occurred? 

5.76. The product gas from a coal gasification plant consists of 60.0 mole% CO and the balance H 2 ; it 
leaves the plant at 150°C and 2000 psia. The gas expands through a turbine, and the outlet gas from 
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the turbine is fed to a boiler furnace at 100°C and 1 atm at a rate of 15,000 ft 3 /min. Estimate the inlet 
flow rate to the turbine in ft 3 /min, using Kay’s rule. What percentage error would result from the 
use of the ideal gas equation of state at the turbine inlet? 

5.77. A 30.0-liter cylinder of a gas containing 97.0 mole% CO and 3.0% CO 2 is delivered to your plant. 
You sign the receipt for it, noting that the gauge on the tank reads 2000 psi. Several days later you 
notice that the gauge reads 1875 psi, indicating a leak. The storage room in which the cylinder is kept 
has a volume of 24.2 m 3 and is very poorly ventilated. Calculate the maximum mole% of CO in the 
room at the time the leak is discovered, assuming that the leaking gas spreads uniformly throughout 
the room and that the room temperature is constant at 30°C, using Kay’s rule when appropriate. 

5.78. Methanol is produced by reacting carbon monoxide and hydrogen at 644 K over a ZnO-Cr 2 C>3 
catalvst. A mixture of CO and H z in a ratio 2 mol H 2 /mol CO is compressed and fed to the catalyst 
bed at 644 K and 34.5 MPa absolute. A single-pass conversion of 25 % is obtained. The space velocity, 
or ratio of the volumetric flow rate of the feed gas to the volume of the catalyst bed, is (25,000 
m 3 /h)/(l m 3 catalyst bed). The product gases are passed through a condenser, in which the methanol 
is liquefied. 

(a) You are designing a reactor to produce 54.5 kmol CH 3 OH/h. Estimate the volumetric flow rate 
that the compressor must be capable of delivering if no gases are recycled, and the required 
volume of the catalyst bed. (Use Kay’s rule for pressure-volume calculations.) 

(b) If (as is done in practice) the gases from the condenser are recycled to the reactor, the com¬ 
pressor is then required to deliver only the fresh feed. What volumetric flow rate must it deliver 
assuming that the methanol produced is completely recovered in the condenser? (In practice it 
is not; moreover, a purge stream must be taken off to prevent the buildup of impurities in the 
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5.82. 


system.) 

A process stream flowing at 35 kmol/h contains 15 mole% hydrogen and the remainder 1-butene. 
The stream pressure is 10.0 atm absolute, the temperature is 50°C, and the velocity is 
150 m/min. Determine the diameter (in cm) of the pipe transporting this stream, using Kay s rule in 
your calculations. 

A gas mixture consisting of 15.0 mole% methane, 60.0% ethylene, and 25.0% ethane is compressed 
to a pressure of 175 bar at 90°C. It flows through a process line in which the velocity should be no 
greater than 10 m/s. What flow rate (kmol/min) of the mixture can be handled by a 2-cm internal 
diameter pipe? 

A svstem has been devised to store acetonitrile safely at high pressures and temperatures. The ace¬ 
tonitrile is contained in a 0.2-ft 3 tank maintained at 4500 psia and 550°F. This tank is placed inside 
a second tank whose volume, excluding the volume of the first tank, is 2 ft 3 . Nitrogen at 10.0 atm 
and 550°F is contained in the second tank. Use the compressibility chart to estimate the final sys¬ 
tem pressure (atm) if the first tank ruptures and the final system temperature is 550°E The critical 
temperature and pressure of acetonitrile are 548 K and 47.7 atm, respectively. 

A solid carbohydrate (C 0 H(,O f ) with a specific gravity of 1.59 is placed in a 1.000-liter combustion 
chamber. The chamber is evacuated and then charged with pure oxygen. Complete combustion of 
the carbohydrate takes place. A sample of the product gas is cooled to condense all the water formed 
in the combustion, and the remaining gas is analyzed by gas chromatography. The following data are 


obtained: 


Mass of Carbohydrate Charged: 3.42 g 

Chamber Conditions Prior to Combustion: T = 26.8°C, P = 499.9 kPa 
Chamber Conditions Following Combustion: T = 483.4°C, P = 1950.0 kPa 
Product Gas Analysis: 38.7 mole% C0 2 , 25.8% 0 2 , 35.5% H 2 0 

Assume (i) none of the carbohydrate is lost when the chamber is evacuated and (ii) the vapor pres¬ 
sure of the carbohydrate at 27°C is negligible. Do not neglect the volume of the carbohydrate and 
do not assume ideal gas behavior. 


i«This problem is adapted from Professional Engineering Examinations, Volume 1, National Council of Engi¬ 
neering Examiners, 1972, p, 347. 



236 Chapter 5 Single-Phase Systems 


(a) Determine at least two possible molecular formulas for the carbohydrate (i.e., sets of integer 
values of a, b , and c ) consistent with the given data. 

(b) If the molecular weight of the carbohydrate is independently determined to be in the range 300 
to 350, what is its molecular formula? 

5.83, The adiabatic flame temperature of a fuel is the temperature achieved if the fuel is burned completely 
in a perfectly insulated container. 

You are performing an experiment to measure the adiabatic flame temperature of cyclopentane. 
You put 10.0 mL of liquid cyclopentane into a well-insulated steel vessel with a volume of 11.2 L and 
pressurize the vessel with air to achieve a stoichiometric ratio of oxygen to cyclopentane. You then 
ignite the fuel, planning to record the final temperature. The vessel is equipped with a thermocouple 
and a pressure gauge. 

(a) If room temperature is 27°C and barome tric pressure is 1.00 bar, what should the pressure gauge 
read prior to ignition? 

(b) Suppose you discover after the combustion has been carried out that the thermocouple is not 
functioning properly. Use the final pressure gauge reading of 75.3 bar to estimate the adiabatic 
flame temperature of cyclopentane. Do not assume ideal gas behavior. 
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Virtually all commercial chemical processes involve operations in which material is transferred 
from one phase (gas, liquid, or solid) into another. These multiphase operations include all 
phase-change operations on a single species, such as freezing, melting, evaporation, and con¬ 
densation, and most separation and purification processes, which are designed to separate com¬ 
ponents of mixtures from one another. Most separations are accomplished by feeding a mixture 
of species A and B into a two-phase system under conditions such that most of the A remains 
in its original phase and most of the B transfers into a second phase. The two phases then either 
separate themselves under the influence of gravity—as when gases and liquids or two immisci¬ 
ble liquids separate—or are separated with the aid of a device such as a filter or a skimmer. 

Here are some examples of multiphase separation processes. 

• Brewing a cup of coffee. Hot liquid water and solid ground coffee beans are contacted. Solu¬ 
ble constituents of the beans are transferred from the solid phase to a liquid solution (coffee), 
and then the residual solids (grounds) are filtered from the solution. The operation of dis¬ 
solving a component of a solid phase in a liquid solvent is referred to as leaching. 

• Removal of sulfur dioxide from a gas stream. If a fuel that contains sulfur is burned, the 
product gas contains sulfur dioxide. If the gas is released directly into the atmosphere the 
SO. combines with atmospheric oxygen to form sulfur trioxide. The S0 3 m turn combines 
with water vapor in the atmosphere to form sulfuric acid (H 2 S0 4 ), which eventually precip¬ 
itates as acid rain. To prevent this occurrence, the combustion product gas is contacted with 
a liquid solution in an absorption or scrubbing process. The S0 2 dissolves in the solvent and 
the clean gas that remains is released to the atmosphere. 

• Recovery of methanol from an aqueous solution. After being used as a reactant or sol¬ 
vent, methanol (methyl alcohol) often leaves a process in an aqueous mixture (combined 
with water). Methanol has a higher vapor pressure than water, meaning that it has a greater 
tendency to vaporize when a mixture of the two species is heated. The separation process 
distillation exploits this difference by partially vaporizing a liquid mixture, yielding a vapor 
relatively rich in methanol and a residual liquid relatively rich in water. Subsequent partial 
condensations and vaporizations can be used to recover almost pure methanol. The recov¬ 
ered methanol can be recycled and reused, resulting in considerable savings in raw material 

• Separation of paraffinic and aromatic hydrocarbons. Liquid paraffinic hydrocarbons (such 
as pentane, hexane, and heptane) and liquid aromatic hydrocarbons (such as benzene, 
toluene, and xylene) have different chemical characteristics; for example, the paraffinic 
compounds are almost completely immiscible with liquid ethylene glycol, while aromatic 
compounds and ethylene glycol readily form homogeneous liquid mixtures. Paraffimcs and 
aromatics may therefore be separated from each other by blending a mixture of the two 
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with ethylene glycol. When allowed to settle, the aromatic compounds distribute between a 
paraffin-rich phase and a glycol phase. This process is known as liquid extraction. Subsequent 
processing separates the aromatics from the glycol, recovering the glycol for recycle and 
reuse in the extraction process. 

• Separation of an isomeric mixture. Para-xylene, a constituent in the synthesis of polyesters, 
must be separated from two of its isomers, ortho- and mera-xylene. 


CH 3 ch 3 ch 3 



ch 3 


para-xylene 


ortho-xylene 


meta-xylene 


Two alternative commercial operations have been developed to perform the separation. In 
one, a mixture of the isomers is contacted with a molecular sieve that has pores large enough 
to accommodate para-xylene but not the meta or ortho isomers. This operation is referred 
to as adsorption. In another process, the difference in freezing points of the three isomers 
(para-xylene freezes at 13.3°C, ortho at -25.2°C, and meta at -47.9°C) forms the basis of a 
crystallization operation. The mixture is cooled to a temperature at which para crystallizes 
and can then be separated physically from the remaining ortho and meta liquid. 

When a species transfers from one phase to another, the transfer rate generally decreases 
with time until the second phase is saturated with the species, holding as much as it can hold 
at the prevailing process conditions. When the concentrations of all species in each phase no 
longer change with time, the phases are said to be in phase equilibrium. The effectiveness of 
any of the separation processes described above depends both on how species are distributed 
between the phases at equilibrium and on the rate at which the system approaches equilibrium 
from its initial state. 


TEST 

YOURSELF 
(Answers, p. 658) 


Suggest a method that might be suitable to achieve each of the following separations. 

X. Separate crude oil into volatile low molecular weight compounds (naphthas used to make 
gasoline and light chemicals), intermediate molecular weight compounds (used for heat¬ 
ing oils), and nonvolatile high molecular weight compounds (used for lubricating oils). 

2. Remove water from an aqueous slurry of bleached wood pulp. 

3. Obtain fresh water from seawater. 

4. Separate NH 3 from a mixture of N 2 , H?, and NH 3 . Ammonia is highly soluble in water; 
also, it condenses at -33.4°C. 

5. Concentrate O 2 for breathing-impaired patients. 


CREATIVITY EXERCISE 

A gas contains two species, A and B. Suggest as many methods as you can think of, both con¬ 
ventional and unconventional, for separating the two species. Briefly indicate the conditions 
required for each method to work. (For example, find a third substance, C, that reacts with A 
to form a solid, and introduce C into the mixture. A will react and the product will deposit as 
a solid, leaving B in the gas phase.) 
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After completing this chapter, you should be able to do the following: 
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• Explain in your own words the terms separation process, distillation, absorption, scrubbing, 
liquid extraction, crystallization, adsorption, and leaching. (What are they and how do they 
work?) 

• Sketch a phase diagram (P versus T) for a single species and label the regions (solid, liquid, 
vapor, gas). Explain the difference between a vapor and a gas. Use the phase diagram to 
define (a) the vapor pressure at a specified temperature, (b) the boiling point at a specified 
pressure, (c) the normal boiling point, (d) the melting point at a specified pressure, (e) the 
sublimation point at a specified pressure, (f) the triple point, and (h) the critical temperature 
and pressure. Explain how the melting and boiling point temperatures of water vary with 
pressure and how P and T vary (increase, decrease, or remain constant) as a specified path 
on the diagram is followed. 

• Estimate the vapor pressure of a pure substance at a specified temperature or the boil¬ 
ing point at a specified pressure using (a) the Antoine equation, (b) the Cox chart, (c) the 
Clausius-Clapeyron equation and known vapor pressures at two specified temperatures, or 
(d) Table B.3 for water. 

• Distinguish between intensive and extensive variables, giving examples of each. Use the 
Gibbs phase rule to determine the number of degrees of freedom for a multicomponent 
multiphase system at equilibrium, and state the meaning of the value you calculate in terms 
of the system’s intensive variables. Specify a feasible set of intensive variables that will enable 
the remaining intensive variables to be calculated. 

• In the context of a system containing a single condensable species and noncondensable gases, 
explain in your own words the terms saturated vapor, superheated vapor, dewpoint, degrees of 
superheat, and relative saturation. Explain the following statement from a weather report in 
terms a first-year engineering student could understand: The temperature is 75°F, barometric 
pressure is 29.87 inches of mercury and falling, the relative humidity is 50%, and the dew point 
is 54°F. 

• Given an equilibrated gas-liquid system containing only a single condensable component 
A, a correlation for p\(T), and any two of the variables y A (mole fraction of A in the gas 
phase), temperature, and total pressure, calculate the third variable using Raoult’s law. 

• Given a mixture of a single condensable vapor, A, and one or more noncondensabie gases, 
a correlation for p* A (T), and any two of the variables y A (mole fraction of A), temperature, 
total pressure, dew point, degrees of superheat, and relative, molal, absolute, and percentage 
saturation (or humidity if A is water and the noncondensabie gas is air), use Raoult’s law for 
a single condensable species to calculate the remaining variables. 

• For a process system that involves a single condensable component, a vapor-liquid phase 
change, and specified or requested values of feed or product stream properties (tempera¬ 
ture, pressure, dew point, relative saturation or humidity, degrees of superheat, etc.), draw 
and label the flowchart, carry out the degree-of-freedom analysis, and perform the required 
calculations. 

• Explain the meaning of the term ideal solution behavior applied to a liquid mixture of volatile 
species. Write and clearly explain the formulas for Raoult’s law and Henry’s law, state the 
conditions for which each relationship is most likely to be accurate, and apply the appropriate 
one to determine any of the variables T, P, x a, or yA (temperature, pressure, and mole 
fractions of A in the liquid and gas phases) from given values of the other three. 

• Explain in your own words the terms bubble point, boiling point, and dew point of a mixture 
of condensable species, and the difference between vaporization and boiling. Use Raouit’s 
law to determine (a) the bubble-point temperature (or pressure) of a liquid mixture of known 
composition at a specified pressure (or temperature) and the composition of the first bubble 
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that forms; (b) the dew-point temperature (or pressure) of a vapor mixture of known com¬ 
position at a specified pressure (or temperature) and the composition of the first liquid drop 
that forms; (c) whether a mixture of known amount (moles) and composition (component 
mole fractions) at a given temperature and pressure is a liquid, a gas, or a gas-liquid mix¬ 
ture and, if the latter, the amounts and compositions of each phase; and (d) the boiling point 
temperature of liquid mixture of known composition at a specified total pressure. 

• Use a Txy or Pxy diagram to determine bubble- and dew-point temperatures and pressures, 
compositions and relative amounts of each phase in a two-phase mixture, and the effects 
of varying temperature and pressure on bubble points, dew points, and phase amounts and 
compositions. Outline how the diagrams are constructed for mixtures of components that 
obey Raoult’s law. 

• For a process system that involves liquid and gas streams in equilibrium and vapor-liquid 
equilibrium relations for all distributed components, draw and label the flowchart, carry out 
the degree-of-freedom analysis, and perform the required calculations. 

• Explain in your own words the terms solubility of a solid in a liquid, saturated solution, and 
hydrated salt. Given solubility data, determine the saturation temperature of a feed solution 
of given composition and the quantity of solid crystals that form if the solution is cooled to 
a specified temperature below the saturation point. 

• Given a liquid solution of a nonvolatile solute, estimate the solvent vapor-pressure lower¬ 
ing, the boiling-point elevation, and the freezing-point depression, and list the assumptions 
required for your estimate to be accurate. 

• Explain the term distribution coefficient (or partition ratio) for a solute distributed between 
two nearly immiscible liquids. Given feed-stream flow rates and compositions for a liquid ex¬ 
traction process and either solute distribution coefficient data or a triangular phase diagram, 
calculate the product stream flow rates and compositions. 

• Explain the term adsorption isotherm. Given adsorption equilibrium data or an expression 
for an adsorption isotherm, calculate the maximum quantity of adsorbate that can be re¬ 
moved from a gas by a specified quantity of adsorbent or, conversely, the minimum quantity 
of adsorbent needed to remove a specified quantity of adsorbate. 


6.1 SINGLE-COMPONENT PHASE EQUILIBRIUM 
6.1a Phase Diagrams 

At most temperatures and pressures, a single pure substance at equilibrium exists entirely as 
a solid, liquid, or gas; but at certain temperatures and pressures, two and even all three phases 
may coexist. Pure water is a gas at 130°C and 100 mm Hg, for example, and a solid at —40°C 
and 10 atm, but at 100°C and 1 atm it may be a gas, a liquid, or a mixture of both, and at 
approximately 0.0098 C and 4.58 mm Hg it may be a solid, a liquid, a gas, or any combination 
of the three. 

A phase diagram of a pure substance is a plot of one system variable against another that 
shows the conditions at which the substance exists as a solid, a liquid, and a gas. The most com¬ 
mon of these diagrams plots pressure on the vertical axis versus temperature on the horizontal 
axis. The boundaries between the single-phase regions represent the pressures and tempera¬ 
tures at which two phases may coexist. The phase diagrams of water and carbon dioxide are 
shown in Figure 6.1-1. 

What the phase diagram means and what can be done with it are illustrated by a hypothet¬ 
ical experiment in which pure water is placed in a leakproof evacuated cylinder fitted with a 
movable piston, as shown in the diagram below. Heat can be added to or withdrawn from the 
cylinder, so that the temperature in the chamber can be adjusted to any desired value, and the 
absolute pressure of the cylinder contents [which equals (F + W)/ A. where W is the weight of 
the piston] can similarly be adjusted by varying the force F on the piston. 
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Suppose the system is initially at 20°C, and the force is set at a value such that the sys¬ 
tem pressure is 3 mm Hg. As the phase diagram shows, water can only exist 
these conditions, so any liquid that may initially have been m the chamb^ evaporates, un^- 
til finally the chamber contains only water vapor at 20 C and mm Hg (p 

61 ‘Now suppose the force on the piston is slowly increased with the system «m>perature “ 
constant at 20°C until the pressure in the cylinder reaches 760 mm Hg, and thereafter heat 
is added to the svstem with the pressure remaining constant until the 
130° C The state of the water throughout this process can be determined by following path 
A _.g-+C-»D-*Eon Figure 6.1-la. The conditions of the system at various stages of 

the nrocess are shown in the diagram on the next page. 




T(°C) 

(M COj 


Figure 6.1-1 Phase diagrams of H 2 0 and C0 2 (not drawn to 
scale). 
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Notice that the phase transitions—condensation at point B and evaporation at point D—take 
place at boundaries on the phase diagram; the system cannot move off these boundaries until 
the transitions are complete. 

Several familiar terms may be defined with reference to the phase diagram. 

1. If T and P correspond to a point on the vapor-liquid equilibrium curve for a substance, P 
is the vapor pressure of the substance at temperature T, and T is the boiling point (more 
precisely, the boiling point temperature) of the substance at pressure P. 

2. The boiling point of a substance at P = 1 atm is the normal boiling point of that substance. 

3. If (r, P) falls on the solid-liquid equilibrium curve, then T is the melting point or freezing 

point at pressure P. ’ ' 

4. If ( T , P) falls on the solid-vapor equilibrium curve, then P is the vapor pressure of the 
solid at temperature T, and T is the sublimation point at pressure P. 

5. Tlie point (T, P) at which solid, liquid, and vapor phases can all coexist is called the triple 
point of the substance. 

6. The vapor-liquid equilibrium curve terminates at the critical temperature and critical 
pressure (T c and P c ). Above and to the right of the critical point, two separate phases 
never coexist. 

As you can see from Figure 6.1-1, the freezing point of water decreases with increasing 
pressure. {Verify.) This behavior is extremely unusual; most substances, including carbon diox¬ 
ide, exhibit the opposite behavior. Note also, however, that the changes are very slight; the 
solid—liquid equilibrium curves are in fact nearly vertical. Their slopes have been exaggerated 
in Figure 6.1-1 for illustrative purposes. 

Normal boiling and melting points for many substances are given in Table B.l of Appendix 
B and for many more substances on pp. 2-7 through 2-47 of Perry’s Chemical Engineers’ Hand¬ 
book , 1 and vapor pressures are tabulated on pp. 2-48 through 2-75 of the Handbook. Tech¬ 
niques for estimating vapor pressures are presented in Section 6.1b. 


‘R. H. Perry and D. W. Green. Eds., Perry s Chemical Engineers Handbook, 7th Edition McGraw-Hill New 
York, 1997 
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TEST 

YOURSELF 
(Answers, p. 658) 


(Referring to Figure 6.1-1) 

1. What is the sublimation point of H 2 0 at 3 mm Hg? What is the vapor pressure of ice at 
-5°C? 

2. What is the triple point of C0 2 ? 

3. Describe what happens when the pressure of pure C0 2 is raised from 1 atm to 9.9 atm at 
-78.5°C, and then the temperature is raised from -78.5°C to 0°C at 9.9 atm. 

4. What is the vapor pressure of C0 2 at -78.5°C? At -40°C? 

5. What is the sublimation point of C0 2 at 1 atm? The melting point at 9.9 atm ? The boiling 
point at the latter pressure? 

6. Does the state of water at point E in Figure 6.1-la depend on the path followed in changing 
the temperature and pressure at point A to the values at point E? 


6.1b 
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The volatility of a species is the degree to which the species tends to transfer from the liquid (or 
solid) state to the vapor state. At a given temperature and pressure, a highly volatile substance 
is much more likely to be found as a vapor than is a substance with low volatility, which is more 
likely to be found in a condensed phase (liquid or solid). 

Separation processes such as distillation are used to separate more volatile species from 
less volatile species by partially vaporizing liquid mixtures. The vapor product is relatively rich 
in the more volatile feed components and the residual liquid is rich in the components with 
lower volatility. The vapor pressure of a species is a measure of its volatility: the higher the 
vapor pressure at a given temperature, the greater the volatility of the species at that tempera¬ 
ture. Engineers who design and analyze separation processes therefore need to know the vapor 
pressures of process species as functions of temperature. 

It often happens that tabulated vapor pressure data are not available at temperatures of 
interest, or they may not be available at all for a given species. One solution to this problem is 
to measure p* at the desired temperatures. Doing so is not always convenient, however, espe¬ 
cially if a highly precise value is not required. An alternative is to estimate the vapor pressure 
using an empirical correlation for p*(T). Reid, Prausnitz, and Poling 2 summarize and com¬ 
pare vapor pressure estimation methods, several of which are given in the paragraphs that 
follow. 

A relationship between p*, the vapor pressure of a pure substance, and T , the absolute 
temperature, is the Clapeyron equation 


d _L. = ... . ( 6 . 1 - 1 ) 

dT T{V g - VO 


where T is absolute temperature; V g and V { are the specific molar volumes (volume/mole) of 
gas (vapor) and liquid, respectively; and A/? v is the latent heat of vaporization, or the energy 
required to vaporize one mole of the liquid (to be defined more precisely in Chapter 8). 

Unless the pressure is extremely high, the specific volume of the liquid is negligible relative 
to that of the vapor (i.e., V g - V t « V g ). If we assume that this is the case, apply the ideal 
gas equation of state to the vapor (so that V g is replaced with RT/p* in Equation 6.1-1) and 
rearrrange the resulting equation with the aid of elementary calculus. We obtain 


<2(ln p*) _ AH V 
d(l/T) R 


2 R C Reid 1 H. Prausnitz, and B. E. Poling, The Properties of Gases and Liquids, 4th Edition, McGraw-Hill, 
New York. 1986. 
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SOLUTION 


(Convince yourself that Equation 6.1-2 is correct by working backward to derive Equation 
6 . 1 - 1 .) 

If the vapor pressure of a substance is measured at several temperatures and In p* is plotted 
versus 1/ T (or p* is plotted versus 1/ T on semilog axes), then from Equation 6.1-2, the slope of 
the resulting curve at a given temperature equals -A H v /R. This is the method most commonly 
used to determine heats of vaporization experimentally. 

Suppose now that the heat of vaporization of a substance is independent of temperature 
(or nearly so) in the temperature range over which vapor pressures are available. Equation 
6.1-2 may then be integrated to yield the Clausius-Clapeyron equation 

, , A H v 

l np = + 0 (6.1-3) 

where B is a constant that varies from one substance to another. According to this equation, a 
plot of In p* versus 1/ T (or a semilog plot of p* versus 1/ T) should be a straight line with slope 
—A H v / R and intercept B. 

If you know A H v and p* at a single temperature T (h you can solve the Clausius-Clapeyron 
equation for B and thereafter use this equation to estimate p* at any temperature close to 
7b. If you have p* versus T data, you can plot In p* versus 1/T and determine A H v /R and B 
graphically or by the method of least squares (see Appendix A.l). 


Vapor Pressure Estimation Using the Clausius-Clapeyron Equation 

The vapor pressure of benzene is measured at two temperatures, with the following results: 

T x = 7.6°C, p\ = 40mmHg 

72 = 15.4°C, pi = 60 mm Hg 

Calculate the latent heat of vaporization and the parameter B in the Clausius-Clapeyron equation 
and then estimate p* at 42.2°C using this equation. 


p*(mm Hg) 

T(°C) 

T( K) 

40 

7.6 

280.8 

60 

15.4 

288.6 


The slope of the line through the two data points on a plot of In p* versus 1/T is 

= Hp2./p\) 

R 


__ _ T x T 2 \n(pyp\) 

[(l/7 2 ) - (1/T t )] (7i-T) 


_ (280.8 K)(288.6 K) In(60 mm Hg/40 mm Hg) 
(280.8 - 288.6) K 


= -4213 K 


The intercept B is obtained from Equation 6.1-3 as 


B = In p\ + 


A H v 
RT\ 


= In 40 + (4213/280.8) = 18.69 
The Clausius-Clapeyron equation is therefore 
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Check: T = 15.4°C ' 


288.6 K 


4213 

\np' = ~2M6 + 1869 = 4093 


I 


p m = exp (4.093) = 60 mm Hg v 


Finally, at T = 42.2°C = 315.4 K 


ln P* = + 18.69 = 5.334 


p' = exp (5.334) = 


207 mm Ha 


Perry’s Chemical Engineers' Handbook, p. 2-61, lists the vapor pressure of benzene at 42.2'C as 
200 mm Hg, so that the use of the Clausius-Clapeyron equation results in an estimation error of 
approximately 3.5%. 

The heat of vaporization of benzene A H v may be estimated from the slope of the Clausius- 
Clapeyron plot (-A H v /R) as 

A/? v = (A H y /R)(R) 


4213 K 

8.314 J 


mol-K 


= 1 35,030 J/mol 


(The true value is approximately 31,000 J/mol.) 


Chemical engineers often encounter a need to know the vapor pressure of a species at 
a specified temperature. Tables of p* at different temperatures exist for many species, but it 
is difficult to interpolate between tabulated values since p* varies sharply with T . Plots of 
versus T for different species would not be particularly useful since many closely spaced data 
points would be required to generate each plot, and the curvature of the plots would make it 
awkward to show data for many different species on a single graph. 

Fortunately, while the temperature dependence of vapor pressure may be highly nonlin¬ 
ear, the logarithm of p* varies with T in roughly the same way for a large number of species. 
A log plot of the vapor pressure of a species at a given temperature versus the vapor pressure 
of a reference species at the same temperature consequently tends to be linear. This obser¬ 
vation gives rise to the equal-temperature reference-substance plot. If you have values of p m 
for a species at two or more temperatures, you can look up the vapor pressures of a reference 
substance (usually water) at the same temperature and plot p*{T) versus p%AT) on log axes. 
You can draw a straight line through the points plotted in this manner, and then, with fair accu¬ 
racy, use the plot to estimate p* for any temperature from the known value of p’ ei at the same 
temperature, as shown in Figure 6.1-2. 



Figure 6.1-2 Reference-substance 
plot for vapor pressure correlation. 
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An additional step is normally taken in the construction of plots of this type. The usual use 
of the plot is to determine p * for a given T ; p* e( is only an intermediate quantity used to relate 
these variables. The necessity of looking up p* e{ for each given temperature can be avoided if 
values of T(p* nt ) are shown on a second abscissa scale (see Figure 6.1-3). Now to find p*(T) 
you need only find T on the new abscissa scale; the value of p* e[ (T) will be located at the same 
abscissa value, and the curve of p * versus p* e{ may then be used to determine p*(T). 

Notice, however, that there is no longer a need for the p* ef scale, since once you find T 
on the abscissa you can proceed directly to the curve. The p* e[ scale can therefore be omitted, 
leaving what has come to be called a Cox chart —log p* on the ordinate and the temperature 
scale on the abscissa, as shown in Figure 6.1-3. Special graph paper—sometimes called vapor 
pressure paper —that has these coordinate axes is available commercially. Cox chart plots for 
various substances are shown in Figure 6.1-4. 

It is also possible to get straight-line correlations with Duhring plots, which are plots of the 
temperature at which a substance has a certain vapor pressure versus the temperature at which 
a reference substance has the same vapor pressure. The principles of the preparation and use 
of these charts are identical to those of the Cox chart. 

A relatively simple empirical equation that correlates vapor pressure-temperature data 
extremely weil is the Antoine equation 

l°glo P* = A - (6.1-4) 

Values of A, B , and C for several compounds are listed in Table B.4. Observe the units of p‘ 
and T (mm Hg and °C for the constants in Table B.4) and the logarithm base (10 in the case 
of Equation 6.1-4 and Table B.4). Gathering parameters from multiple sources increases the 
need for care relative to the units used. 

TE ^T 1. You need to know the vapor pressure of n-hexane at 87° C. Name two ways you could 

YOURSELF estimate this quantity using material readily available to you. 

(Answers, p. 658) 2. Suppose you are given the vapor pressure p* of a substance at three closely spaced tem¬ 

peratures T u T 2 , and J 3 , and you wish to determine p* at a fourth temperature f 4 far 
removed from the other three. If you use the Clausius-Clapeyron equation to correlate 
P * and T, how would you plot the data and extrapolate it to 7 4 ? 

3. Why would it be preferable to use a Cox chart to plot and extrapolate the data of question 
2 rather than the Clausius-Clapeyron equation? 

CREATIVITY EXERCISE 

Give as many reasons as you can think of, however farfetched, for wanting to know the vapor 
pressure of a substance at a given temperature, ( Example; You want to know whether you can 
leave it overnight in an unstoppered flask without most of it evaporating.) 



Figure 6.1-3 Reference-substance plot: temperature scale for water on ab¬ 
scissa. 



Vapor pressure, p* (Ityin. 2 ) 
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Figure 6.1-4 Cox chart vapor pressure plots. (From A. S. Foust et al.. Principles of Unit Operations, Wiley, New York, 
1960, p. 550.) 


6.2 THE GIBBS PHASE RULE 

When two phases are brought into contact with each other, a redistribution of the components 
of each phase normally takes place—species evaporate, condense, dissolve, or precipitate until 
a state of equilibrium is reached in which the temperatures and pressures of both phases are 
the same and the composition of each phase no longer changes with time. 

Suppose you have a closed vessel containing three components A, B, and C distributed 
between gas and liquid phases, and you wish to describe this system to someone else in sufficient 
detail for that person to duplicate it exactly. Specifying the system temperature and pressure, 
the masses of each phase, and two mass or mole fractions for each phase would certainly be 
sufficient; however, these variables are not all independent—once some of them are specified, 
others are fixed by nature and, in some cases, may be calculated from physical properties of 
the system components. 

The variables that describe the condition of a process system fall into two categories: ex¬ 
tensive variables, which depend on the size of the system, and intensive variables, which do 
not. Mass and volume are examples of extensive variables; intensive variables include temper¬ 
ature, pressure, density and specific volume, and mass and mole fractions of individual system 
components in each phase. 

The number of intensive variables that can be specified independently for a system at equi¬ 
librium is called the degrees of freedom of the system. Let 

II = number of phases in a system at equilibrium 
c = number of chemical species 
DF = degrees of freedom 
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The relationship among DF , IT, and c is given by the Gibbs phase rule. If no reactions occur 
among the system components, the phase rule is 

| DF = 2 +c-Yl | (6.2-1) 

If r independent reactions occur among the system components and the reactions proceed 
to equilibrium, then the right-hand side of this equation must be reduced by r. [Note: Perry’s 
Chemical Engineers’ Handbook (see footnote 1), p. 4-24, presents a proof of the phase rule 
and outlines a method for determining how many independent reactions may occur among the 
components of a system.] 

The meaning of the term degrees of freedom in the Gibbs phase rule is similar to its meaning 
in the degree-of-freedom analyses you have been performing since Chapter 4. In those analyses, 
the degrees of freedom represents the number of process variables that must be specified for a 
process system before the remaining variables can be calculated. In the Gibbs phase rule, the 
degrees of freedom equals the number of intensive variables that must be specified for a system 
at equilibrium before the remaining intensive variables can be calculated. 

The example that follows illustrates the application of the Gibbs phase rule to several 
simple systems. The remainder of the chapter presents the equilibrium relationships that are 
used to determine the remaining intensive system variables once the allowed number of these 
variables has been specified. 

EXAMPLE 6.2-1* The Gibbs Phase Rule 


Determine the degrees of freedom for each of the following systems at equilibrium. Specify a feasible 
set of independent variables for each system. 

1. Pure liquid water 

One phase (II = 1), one component (c = 1) 

II 

DF = 2 + 1 — 1 = 2 

Two intensive variables must be specified to fix the state of the system, for example, T and P. 
Once these variables have been specified, other intensive variables such as density and viscosity 
may be determined. 

2. A mixture of liquid, solid, and vapor water 

Three phases (II = 3), one component (c = 1) 

I 

DF = 2-4-1 — 3 = 0 

No further information about the system may be specified and all intensive variables are fixed. 
Note from Figure 6.1-la that three phases coexist at equilibrium at only one temperature and 
pressure. 

3. A vapor-liquid mixture of acetone and methyl ethyl ketone 

Two phases (II = 2), two components (c — 2) 

II 

DF = 2 + 2 — 2 = 2 

Two variables must be specified to fix the state of the system. For example, setting T and P 
fixes the acetone and MEK mole fractions in both the vapor and liquid phases. Alternatively, 
T and the acetone mole fraction in the vapor may be specified, and P and the acetone mole 
fraction in the liquid are then fixed. 
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TEST 1* Define and give examples of extensive and intensive variables. Define “degrees of free- 

YOURSELF dom of a system.'’ What is the Gibbs phase rule? 

(Answers, p. 658) 2. Use the phase rule to determine the degrees of freedom of each of the following equilib¬ 

rium systems and give a possible set of variables that may be specified. 

(a) NaCl crystals suspended in an aqueous NaCl solution. 

(b) Humid air in equilibrium with condensed water (dry air may be considered a single 
species). 

(c) A vapor-liquid mixture of four hydrocarbons. 

(d) A gaseous mixture of H 2 , Br 2 , and HBr, given that the single reaction 

H 2 + Br 2 ^ 2 HBr 

has proceeded to equilibrium. (See the sentence following Equation 6.2-1.) 


6,3 GAS-LIQUID SYSTEMS: ONE CONDENSABLE COMPONENT 


9 

Equipment 

Encyclopedia 

evaporator, 

dryer, 

humidifier, 

condenser 


Systems containing several components, of which only one is capable of existing as a liquid at 
the process conditions, are common in industrial processes. Separation processes that involve 
such systems include evaporation, drying, and humidification —all of which involve transfer of 
liquid into the gas phase—and condensation and dehumidification, which involve transfer of 
the condensable species from the gas to the liquid phase. 

Suppose liquid water is introduced into a chamber that initially contains dry air and that the 
temperature and pressure in the system are kept constant at 75°C and 760 mm Hg. Initially the 
gas phase contains no water (ph 2 o = 0), and water molecules consequently begin to evaporate. 
The mole fraction of water in the gas phase, >’h 2 o, increases, and hence so does the partial 
pressure of water, ph ; o = Eventually, however, the amount of water in the gas phase is 

such that the rate at which water molecules enter the gas phase approaches zero, and thereafter 
no change occurs in the amount or composition of either phase. The gas phase is then said to 
be saturated with water—it contains all the water it can hold at the system temperature and 
pressure—and the water in the gas phase is referred to as a saturated vapor. 

Let us apply the Gibbs phase rule to this equilibrium system. Since there are two phases 
and two components. 


DF — 2 + c — II = 2 


It follows that only two out of the three intensive variables T, P, and vh,o can be specified, 
and that some relationship must exist that uniquely determines the value of the third variable 
once the first two have been specified. 3 

A taw that describes the behavior of gas-liquid systems over a wide range of conditions 
provides the desired relationship. If a gas at temperature T and pressure P contains a saturated 
vapor whose mole fraction is y t (mol vapor/mol total gas), and if this vapor is the only species that 
would condense if the temperature were slightly lowered, then the partial pressure of the vapor 
in the gas equals the pure-component vapor pressure p\ (T) at the system temperature. 


Raoult’s Law, Single Condensable Species: 


Pi = yiP = p!(T) 


(6.3-1) 


Equation 6.3-1 is a limiting case of Raoult’s law, which will be introduced in a more general 
context in Section 6.4. It is the fundamental relation used in the analysis of equilibrated gas- 
liquid systems containing one condensable component. A wide variety of problems occur in 


3 It could be argued that setting the mole fraction of air in the liquid water to zero uses up a degree of freedom. 
In fact, however, we are not fixing a precise value of this variable; ail we are saying is that the mole fraction of 
air in the liquid water approaches zero and the value is so small that it does not affect liquid-phase behavior and 
mass balances on the system. 
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EXAMPLE 6.3- 


SOLUTION 


connection with such systems, but they all eventually involve knowing two of the variables y h 
P . and T and having to determine the third using Equation 6.3-1. 


■U Composition of a Saturated Gas- Vapor System 

Air and liquid water are contained at equilibrium in a closed chamber at 75°C and 760 mm Hg. 
Calculate the molar composition of the gas phase. 


Since the gas and liquid are in equilibrium, the air must be saturated with water vapor (if it were 
not, more water would evaporate), so that Raoult’s law may be applied: 

yH 2 o = Ph,o( 75 °C)/ p 

From Table B.3 in Appendix B, p* H2 o(75°C) = 289 mm Hg. Consequently, 


_ 289 mm Hg 
yn 2 o - 760mmHg - 


0.380 


mol H 2 O 
mol 


Jdry air “ 1 ^HjO — 


0.620 


mol dry air 
mol 


Several important points concerning the behavior of gas-liquid systems and several terms 
used to describe the state of such systems are summarized here. 


!♦ A gas in equilibrium with a liquid must be saturated with the volatile components of that 
liquid. 

2. The partial pressure of a vapor at equilibrium in a gas mixture containing a single con¬ 
densable component cannot exceed the vapor pressure of the pure component at the sys¬ 
tem temperature. If p-, = p*, the vapor is saturated; any attempt to increase p,—either 
by adding more vapor to the gas phase or by increasing the total pressure at constant 
temperature—must instead lead to condensation. 

3. A vapor present in a gas in less than its saturation amount is referred to as a superheated 
vapor. For such a vapor, 


Pi = yiP < p*{T ) 


(6.3-2) 


Since only a saturated vapor can condense (why?), to achieve condensation in a system 
containing a superheated vapor one or more of the variables of Equation 6.3-2 must be 
changed so that the inequality becomes the equality of Raoult’s law. This can be done 
in several ways, such as by increasing the pressure at constant temperature (the left side 
increases, while the right side stays constant) or by decreasing the temperature at constant 
pressure (the left side remains constant, and the right side decreases). 

4. If a gas containing a single superheated vapor is cooled at constant pressure, the tempera¬ 
ture at which the vapor becomes saturated is referred to as the dew point of the gas. From 
Raoult’s law (Equation 6.3-1), 


Pi = 


ytP = PUT* P ) 


(6.3-3) 


The difference between the temperature and the dew point of a gas is called the de¬ 
grees of superheat of the gas. If any two of the quantities yP, and T dp (or, equivalently, 
the temperature of the gas and the degrees of superheat) are known, the third quan¬ 
tity may be determined from Equation 6.3-3 and a table, graph, or equation relating p- 
and T. 
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Equipment 

Encyclopedia 

condenser, 

compressor 


SOLUTION 


Material Balances Around a Condenser 


A stream of air at 100°C and 5260 mm Hg contains 10.0% water by volume. 

1. Calculate the dew point and degrees of superheat of the air. 

2. Calculate the percentage of the vapor that condenses and the final composition of the gas phase 
if the air is cooled to 80°C at constant pressure. 

3. Calculate the percentage condensation and the final gas-phase composition if, instead of being 
cooled, the air is compressed isothermally to 8500 mm Hg. 

4. Suppose the process of part 2 is run, the product gas is analyzed, and the mole fraction of water 
differs considerably from the calculated value. What could be responsible for the disparity 
between calculated and measured values? (List several possibilities.) 


1. p Hn0 = >-h 2 o P = (0.100)(5260 mm Hg) = 526mm Hg 

^; o (100°C) = 760 mm Hg > pn 2 o ==> the vapor is superheated (see Inequality 6.3-2) 

From Equation 6.3-3 

Ph 2 o - Ph 2 o(T<ip) = 526 mm Hg 
Jj Table B.3 

r dp = 90°c 


and the air has 100°C - 90°C = 


10°C of superheat 


2. Since the air becomes saturated at 90°C, further cooling must lead to condensation. Since the 
products are liquid water in equilibrium with a gas phase, the water vapor in the gas must 
remain saturated. 

On the following flowchart, the symbol BDA stands for bone-dry air, a term used to signify 
the water-free component of an air-water vapor mixture. 


Basis: 100 mol Feed Gas 


100 mol 


[ « 2 (mol) 

0.100 mol H 2 0(v)/mol 


ytmol H 2 0(v)/mol] 

1 (1 -yKmol BD/Vmol) 

T = 80°C, P = 5260 mm Hg 
Saturated with H 2 0 

T= 100°C. P = 5260 mm Hg 



fljtmo! H 2 0 (I)] 


Let us first do the degree-of-freedom analysis. Three unknown variables appear on the chart— 
m, ni, and y. Since only two species are involved in the process, we can only write two inde¬ 
pendent material balances, leaving us one equation short. If we fail to observe that the gas 
at the condenser outlet is saturated with water, solution of the problem would be impossible; 
however, the saturation condition supplies the needed third equation, Raoult’s law. 

The solution outline is as follows: apply Raoult’s law at the outlet to determine y, the mole 
fraction of water in the outlet gas; then use a dry air balance to determine n 2 and a total mole 
balance or a water balance to determine the final unknown, n t . 

Raoult’s Law at Outlet yP = Ph 2 o(T) 

J. 

_ PhjoO^ 0 *-) _ 355 mm Hg 
y P 5260 mm Hg 


0.0675 


mol H 2 0 
mol 
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Balance on Dry Air 


100 mol I 0.900 mol BDA 


• = n 2 ( 1 - y) 


Total Mole Balance 


Percentage Condensation 


n 2 = 96.5 mol 
100 mol = «i + n 2 

jj, n 2 = 96.5 mol 
= 3.5 mol H 2 O condensed 

3.5 mol H 2 O condensed 
(0.100 x 100) mol H 2 0 fed 


x 100% = 35% 


3. Initially yn 2 oP < Ph 2 o( 100°C)- Saturation occurs when P is high enough for the inequality to 
become an equality, or 


Ph,o( 100°C) 760 r 


= 7600 mm Hg 


Any increase in P above 7600 mm Hg must cause condensation, so that the products from the 
compression to 8500 mm Hg must include a liquid stream. 

Basis: 100 mol Feed Gas 


0.100 mol H 2 0(v)/mol 
0.900 mol BDA/mol 


vtmol H 2 0(v)/moll 

► COMPRESSOR U - vifmol BDA/mol) 

T = 100°C, P = 8500 mm Hg, saturated 


«i (mol H 2 0 (1)1 


Before going through the solution, try to outline it as was done following the flowchart of 
part 2. 


Raoult’s Law 


Balance on Dry Air 


_ Ph 2 o( 10Q°C) _ 760mmHg _ 
P 8500 mm Hg 


(100 mol)(0.900) - n 2 ( 1 - y) 


Total Mole Balance 


n 2 = 98.8 mol 


100 mol = n\ + n? 


n 2 = 98.8 mol 


= 1.2 mol H 2 0 condensed 


1.2 mol H 2 0 condensed 


Percentage Condensation : ' - ra . X 100% = 12% 

(0.100 X 100) mol H 2 0 fed 11 

4. (a) Experimental error (you should be able to list many possibilities), (b) The condenser was 
not at steady state when the measurements were made, possibly because the system had not 
yet leveled out following startup or because water vapor was adsorbing on the walls of the 
condenser, (c) The emerging gas and liquid streams were not at equilibrium (e.g., condensation 
actually occurred at a temperature below 100°C and the product streams were separated and 
reheated before emerging), (d) Raoult’s law does not apply (this is not a likely explanation for 
the air-water system at the given conditions). 







TEST 

YOURSELF 
(Answers, p. 658) 
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The mechanism of evaporation of a liquid depends on the relative values of the vapor 
pressure of the liquid and the total system pressure. If evaporation takes place at a temperature 
such that p* < P, the process involves transfer of molecules from the surface of the liquid to 
the gas above the surface, while if p* — p, vapor bubbles form throughout the entire liquid, 
but predominantly at the heated container walls: that is, the liquid boils. The temperature at 
which p* = P is the boiling point of the liquid at the given pressure. 


1. If water vapor is in equilibrium with liquid water, must the vapor be saturated? Can a 
vapor be saturated if there is no liquid present in the system? 

2. The vapor pressure of acetone is 200 mm Hg at 22.7°C. Liquid acetone is kept in a sealed 
flask at 22.7°C, and the gas above the liquid contains air and acetone vapor at a pressure of 
960 mm Hg. What is (a) the partial pressure of acetone in the gas, (b) the partial pressure 
of N 2 , and (c) the mole fraction of acetone in the gas? What assumption have you made 
in answering the preceding question? How would you determine the boiling point of the 
acetone, assuming a constant total pressure of 960 mm Hg? 

3. Suppose you have a curve of p' HtQ versus 7, and you are given the temperature and pres¬ 
sure (To and P 0 ) of a mixture of water and noncondensable gases. 

a. Define the dew point of the gas. Would the vapor be saturated or superheated if T 0 > 
T dp ?IfT 0 = r dp ? 

b. If you are told that the gas is saturated, how would you calculate the mole fraction of 
water in it? What would happen to the vapor if you (i) heated the gas isobarically (at 
constant pressure), (ii) cooled the gas isobarically, (iii) compressed the gas isothermaliy 
(at constant temperature), and (iv) expanded the gas isothermaliy? 

c. If you are given the mole fraction of water in the gas, how would you calculate the dew 
point of the gas? 

d. If you are given the degrees of superheat of the gas, how would you calculate the mole 
fraction of water in the gas? 

Several quantities besides those introduced in the previous section are commonly used to 
describe the state and composition of a gas containing a single condensable vapor. In the defi¬ 
nitions to be given, the term “saturation ” refers to any gas-vapor combination, while “humidity” 
refers specifically to an air-water system. 

Suppose a gas at temperature T and pressure P contains a vapor whose partial pressure is 
Pi and whose vapor pressure is p*(T). 

Relative Saturation (Relative Humidity) s t (h r ) = .—. x 100% (6.3-4) 

P *( T ) 

A relative humidity of 40%, for example, signifies that the partial pressure of water vapor 
equals ^ of the vapor pressure of water at the system temperature. 

Molal Saturation (Molal Humidity) 

/, , Pi moles of vapor ., _ 

Sm(hm) — ~z — —j-r- - -—— - (6.3-5) 

P - pi moles of vapor-free (dry) gas 

(Can you prove the second equality?) 


Absolute Saturation (Absolute Humidity) 


Sa(ha) 


PiMj 

(P ~ Pi)M(Xry 


mass of vapor 
mass of dry gas 


(6.3-6) 


where M-, is the molecular weight of the vapor and A/ dry is the average molecular weight of the 
dry (vapor-free) gas. 
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Percentage Saturation (Percentage Humidity) 

s p (h p ) = ^X 100% = fi l L tl. . Pti x 100% (6.3-7) 

s m Pi / (P ~ Pi) 

If you are given any of these quantities for a gas at a given temperature and pressure, you 
can solve the defining equation to calculate the partial pressure or mole fraction of the vapor 
in the gas; thereafter, you can use the formulas given previously to calculate the dew point and 
degrees of superheat. 

TEST The vapor pressure of styrene is 100 mm Hg at 82°C and 200 mm Hg at 100°C. A gas that 

YOURSELF consists of 10 mole% styrene and 90 mole% noncondensables is contained in a tank at 100°C 

(Answers, p. 658) and 1000 mm Hg. Calculate; 

1. The dew point of the gas. 

2. The relative saturation. 

3. The molai saturation and percentage saturation. 


CREATIVITY EXERCISES 

1. Suppose you know the temperature and barometric pressure on a given day. List as many 
ways as you can think of to determine—exactly or approximately—the mole fraction of 
water vapor in the air. 

2. Repeat question 1, only this time limit yourself to methods in which a stuffed bear plays a 
part in the determination. ( Example: Saturate the bear with water, and measure the rate 
at which it loses weight due to evaporation.) 

EXAMPLE Humid air at 75°C, 1.1 bar, and 30% relative humidity is fed into a process unit at a rate of 1000 

..... m 3 /h D e t erm i ne (i) the molar flow rates of water, dry air, and oxygen entering the process unit, (2) 

the molai humidity, absolute humidity, and percentage humidity of the air, and (3) the dew point. 


SOLUTION 1. h t (%) = 100ph,o/ph 2 o(75°C) 

h, = 30% 

, , Ph,o( 7 5°C) — 289 mm Hg (from Table B.3) 

Ph 2 o — (0.3)(289 mm Hg) = 86.7 mm Hg 

XhjO — P »2 o /P 

w P = 1.1 bar ==> 825 mm Hg 
yu 2 o = (86.7 mm Hg)/(825 mm Hg) = 0.105 mol H?0/mol 


The molar flow rate of wet air is given by the ideal gas equation of state as 
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h m — 


- Ph 2 o 


P - 


86.7 mm Hg 


Pn 2 o (825 - 86.7) mm Hg 


= i 0.117 


mol H 2 Q 
mol BDA 


The same result could have been obtained from the results of part 1 as (3.99 kmol Hi O / h') / 
(34.0 kmol BDA/h). V/ 


h _ 0.117 kmol H 2 0 

18.0 kg H 2 0 

| 1 kmol BDA 


kmol BDA 

kmol H 2 0 

29.0 kg BDA 

U.U/ZO :-—r— 

kg BDA 

hi - P *° - 

289 mm Hg 

- n on km °l H 2 O 


P ~ p’ H7 o (825 - 289) mm Hg 


kmol BDA 


h p = lOOhJhl = (100)(0.117)/(0.539) = j 21.7% 


3- Ph 2 o = 86.7 mm Hg = p' HlQ (T dp ) 
J^Table B.3 


f d p = 48.7° C 


6.4 MULTICOMPONENT GAS-LIQUID SYSTEMS 


• 

Equipment 

Encyclopedia 

absorber 

scrubber, 

stripper 


Gas-liquid processes that involve several components in each phase include many chemical 
reactions, distillation, and transfer of one or more species from a gas to a liquid (absorption or 
scrubbing) or vice versa (stripping). 

When multicomponent gas and liquid phases are in equilibrium, a limited number of in¬ 
tensive system variables may be specified arbitrarily (the number is given by the Gibbs phase 
rule), and the remaining variables can then be determined using equilibrium relationships for 
the distribution of components between the two phases. In this section we define several such 
relationships and illustrate how they are used in the solution of material balance problems. 


6.4a Vapor-Liquid Equilibrium Data 

The best way to evaluate equilibrium compositions is from tabulated data. Perry’s Chemical 
Engineers Handbook (see footnote 1), pp. 2-76 through 2-89, gives partial pressures of vapors 
over various liquid solutions. Example 6.4-1 illustrates the use of such data. 



Absorption of SOj 


Equipment 

Encyclopedia 

absorber 


A gas stream consisting of 100 Ib-mole/h of an SOj-air mixture containing 45 mole% SO? is con¬ 
tacted with liquid water in a continuous absorber at 30°C. The liquid leaving the absorber is analyzed 
and found to contain 2.00 g of SO 2 per 100 g of H 2 0. Assuming that the gas and liquid streams leav¬ 
ing the absorber are in equilibrium at 30°C and 1 atm, calculate the fraction of the entering S0 2 
absorbed in the water and the required water feed rate. 


SOLUTION Basis: Given Feed Rate of Gas 


nG2db-mo)e/h) 


100 Ib-mole/h 


y aif Ob-rnoJe air/lb-mole) 

0.45 lb-mole S0 2 /lb-mole 
0.55 lb-mole air/lb-mole 

ABSORBER 

rHjohb-mole H 2 0(v)/lb-mole] 
rso,Hb-mole SOj/lb-mole) 

"ullb™ HjOdVh] - 

1 "uOMO 

2.00 lb m SOj/100 ib m H 2 0f!) 


Equilibrium 
at 30°C and 
1 atm 
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From Table 3-12 on p. 3-65 of the 6th Edition of Perry’s Chemical Engineers’ Handbook , 4 the equi¬ 
librium partial pressures of H 2 0 and S0 2 over a solution of the indicated composition are 

Phno — 31.6 mm Hg 


Pso, = 176mmHg 

so that the composition of the exit gas stream is 

31.6 mm Hg lb-mole H,0 

yH 2 o = — ■■ z —n-: = 0.0416 - 


yso, = 


760 mm Hg 
176 mm Hg 
760 mm Hg 


= 0.232 


lb-mole 
lb-mole S0 2 
lb-mole 


yair = 1 - >'H 2 0 _ ysOj = 0.727 


lb-mole air 


lb-mole 

Three unknown process variables remain— h Ll ,h Gl , and h Ll —and since a total of three indepen¬ 
dent balances can be written, the system is determinate. 


Air Balance 


(0.55X 100 

H y»it - 0.727 lb-mole air/lb-mole 
h G2 = 75.7 Ib-mole/h 

To write the remaining two balances, it is necessary to determine the mass fractions of S0 2 and 
H 2 0 in the liquid effluent. 


2.00 lb m S0 2 
100 lb m H a O 


2.00 lb m S0 2 
102 lb m total 


=> xso, = 0.0196 lb m S0 2 /lb m 


11 


JTSO, + *H;0 


= 1 


*h 2 o = 0.9804 lbn, H 2 0/lb m 


SOz Balance 


100 lb-mole 

0.45 lb-mole S0 2 

= n G >>so + L2(lbm) 

Xso 2 (lh m SO,) 

| 

! lb-mole 

h 

lb-mole 

(H) 

(lb m ) 

64 lb m S0 2 


h a2 = 75.7 lb-mole/h 
>so, = 0.232 
, j,x SQl = 0.0196 

h L2 = 89,600 lb m /h 


H 2 0 Balance 


n £| (lb m H z O/h) 


h Gl (lb-mole) 

yn z o (lb-mole H,0) 

18 lb m H 2 0 

(h) 

(lb-mole) 

lb-mole 


no, = 75.7 lb-moie/h 
y H ,o = 0.0416 lb-mole HjO/lb-mole 
h L [ = 89,600 lbm/h 
>J,xH; 0 = 0.9804 lb m H,0/lb m 

- 87,900 lb m H 2 OZh I (feed to absorber) 


J R. H. Perry and D. W. Green, Eds., Perry’s Chemical Engineers’ Handbook, 6th Edition, McGraw-Hill, New 
York, 1984. (Note: These data do not appear in the 7th edition.) 
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1756 lb m SO: absorbed/h 
2880 lb m SO, fed/h 


6.4b Raoult’s Law and Henry’s Law 

If you apply the Gibbs phase rule to a multicomponent gas-liquid system at equilibrium, you 
will discover that the compositions of the two phases at a given temperature and pressure are 
not independent. Once the composition of one of the phases is specified (in terms of mole frac¬ 
tions. mass fractions, concentrations, or, for the vapor phase, partial pressures), the composition 
of the other phase is fixed and, in principle, can be determined from physical properties of the 
system components. 

Relationships governing the distribution of a substance between gas and liquid phases are 
the subject matter of phase-equilibrium thermodynamics and, for the most part, fall beyond 
the scope of this text. However, we will cover several simple approximate relationships that 
provide reasonably accurate results over a wide range of conditions. Such relationships form 
the bases of more precise methods that must be used when system conditions require them. 

Suppose A is a substance contained in a gas-liquid system in equilibrium at temperature T 
and pressure P. Two simple expressions—Raoult’s law and Henry’s law—provide relationships 
between p A , the partial pressure of A in the gas phase, and x A , the mole fraction of A in the 
liquid phase. __ 

Raoult’s Law: p A 23 j }'a p = *a.Pa( t ) (6.4-1) 

where p\ is the vapor pressure of pure liquid A at temperature T and _y A is the mole fraction 
of A in the gas phase. 

Raoult’s law is an approximation that is generally valid when x A is close to 1 —that is, when 
the liquid is almost pure A. It is also sometimes valid over the entire range of compositions for 
mixtures of similar substances, such as paraffinic hydrocarbons of similar molecular weights. 

Note: When x A = 1—that is, when the liquid is pure A—Raoult’s law reduces to the expres¬ 
sion pa - P* A (T) given previously for systems with only one condensable component. 

Henry’s Law: Pa —\ >a p - A (T) (6.4-2) 


where H A (T) is the Henry’s law constant for A in a specific solvent. 

Henry’s law is generally valid for solutions in which x A is close to 0 (dilute solutions of A) 
provided that A does not dissociate, ionize, or react in the liquid phase. The law is often ap¬ 
plied to solutions of noncondensable gases. Values of Henry’s law constants (or closely related 
quantities) are given for several gases in water on pp. 2-125 through 2-128 of Perry's Chemi¬ 
cal Engineers' Handbook (see footnote 1), and references to other data sources are given on 
p. 14-4 of the Handbook. 


Ib m S0 2 absorbed 
0610 ' i b, SO. ted 
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A gas-liquid system in which the vapor-liquid equilibrium relationship for every volatile 
species is either Raoult’s law or Henry’s law is said to exhibit ideal solution behavior. An ideal 
liquid solution is a mixture of liquids that exhibits ideal solution behavior at equilibrium. 


TEST 

YOURSELF 
(Answers, p. 658) 


1. What is Raoult’s law, and when is it most likely to be valid? 

2. What is Henry’s law, and when is it most likely to be valid? 

3. What is an ideal solution? 

4. A gas containing CO 2 is in equilibrium with liquid water containing a small amount of 
dissolved CO 2 at 30°C and 3 atm. Would you use Raoult’s law or Henry’s law to estimate 
the relationship between (a) xco 2 and pccv (b) xh 2 o and ph 2 o> where x denotes mole 
fraction in the liquid and p denotes partial pressure in the gas? In each case, what would 
you look up and where would you look for it? Would you expect to observe ideal solution 
behavior for this system? 


EXAMPL 


Raoult’s Law and Henry’s Law 


SOLUTION 


Use either Raoult’s law or Henry’s law to solve the following problems. 

1. A gas containing 1.00 mole% ethane is in contact with water at 20.0°C and 20.0 atm. Estimate 
the mole fraction of dissolved ethane. 

2. An equimolar liquid mixture of benzene (B) and toluene (T) is in equilibrium with its vapor at 
30.0°C. What is the system pressure and the composition of the vapor? 


1. Hydrocarbons normally are relatively insoluble in water, so that the solution of ethane is prob¬ 
ably extremely dilute. Let us therefore apply Henry’s law. Page 2-126 of Perry's Chemical En¬ 
gineers’ Handbook (see footnote 1) gives the Henry’s law constant for ethane in water at 20°C 
as 2.63 x 10 4 atm/mole fraction. From Equation 6.4-2 

__ yc^P = (0.0100)(20.0 atm) 

x Ci*h H ClHi 2.63 x 10 4 atm/mole fraction 


7.60 x 10 


_5 mol C 2 H 6 
mol 


2. Since benzene and toiuene are structurally similar compounds, we may apply Raoult’s law. 
From Table B.4, 

1211 T - 30°C 

logio Pb = 6.906- —^ => Pb = 119 mm Hg 


lo gioPT = 6.9533 


T 4- 220.8 
1343.9 
T + 219.38 


T = 30°C 


pj = 36.7 mm Hg 


Using Equation 6.4-1, 


Pb = 
PT = 

p = 


xbPb = (0.500)(119 mm Hg) = 59.5 mm Hg 
jc T pr = (0.500)(36.7 mm Hg) = 18.35 mm Hg 


Pb + Pr 


77.9 mm Hg 


?b = Pb/P = 
yr = pr/ P = 


0.764 mole benzene/mole 


0.236 mole toluene/mole 


CREATIVITY EXERCISE 

Give as many cases as you can think of where it would be useful or necessary to know the 
Henry’s law constant for a gas in a liquid. ( Example: You wish to calculate the pressure needed 
to achieve a specified level of carbonation in bottled soda.) In your list, include several exam¬ 
ples with environmental relevance. 
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6.4c Vapor-Liquid Equilibrium Calculations for Ideal Solutions 

Suppose heat is added slowly to a closed vessel that contains a liquid and that the pressure in 
the vessel is held constant. We have already examined what happens in a situation of this sort 
if the liquid is a single species: the temperature increases until the boiling point of the liquid is 
reached, and thereafter the liquid vaporizes at a constant temperature. Once the vaporization 
is complete, further addition of heat raises the temperature of the vapor. 

Consider now what happens if the liquid is a mixture of several components. As heat is 
added, the liquid temperature rises until a temperature is reached at which the first bubble of 
vapor forms. Up to this point, the process looks like that for a single component. However, if 
the liquid is a mixture, the vapor generated generally will have a composition different from 
that of the liquid. As vaporization proceeds , the composition of the remaining liquid continu¬ 
ously changes, and hence so does its vaporization temperature. A similar phenomenon occurs if 
a mixture of vapors is subjected to a condensation process at constant pressure: at some tem¬ 
perature the first droplet of liquid forms, and thereafter the composition of the vapor and the 
condensation temperature both change. 

To design or control an evaporation or condensation process, you must know the condi¬ 
tions at which the transition from liquid to vapor or vapor to liquid takes place. Design or con¬ 
trol of other separation processes such as distillation, absorption, and stripping also requires 
information on the conditions at which phase transitions occur and on the compositions of the 
resulting phases. This section outlines the required calculations for a relatively simple class of 
mixtures. 

When a liquid is heated slowly at constant pressure, the temperature at which the first 
vapor bubble forms is the bubble-point temperature of the liquid at the given pressure. When 
a gas (vapor) is cooled slowly at constant pressure, the temperature at which the first liquid 
droplet forms is the dew-point temperature at the given pressure. Calculating bubble-point 
and dew-point temperatures can be a complex task for an arbitrary mixture of components. 
However, if the liquid behaves as an ideal solution (one for which Raoult’s or Henry’s law is 
obeyed for all components) and the gas phase can also be considered ideal, the calculations are 
relatively straightforward. 

Suppose an ideal liquid solution follows Raoult’s law and contains species A, B, C,... 
with known mole fractions x&, *8. x c> ■ • • - If the mixture is heated at a constant pressure P to 
its bubble-point temperature T bp , the further addition of a slight amount of heat will lead to 
the formation of a vapor phase. Since the vapor is in equilibrium with the liquid, and we now 
assume that the vapor is ideal (follows the ideal gas equation of state), the partial pressures of 
the components are given by Raoult’s law. Equation 6.4-1. 

Pi = xip*(T b p ), i = A, B,... (6.4-3) 

where p* is the vapor pressure of component i at the bubble-point temperature. Moreover, 
since we have assumed that only A, B, C,... are present in the system, the sum of the partial 
pressures must be the total system pressure, P; hence, 

p ~ x AP*A( T bp) + x BP*B( T bp) + ■■• (6.4-4) 

The bubble-point temperature may be calculated by trial and error as the value of 7 bp that 
satisfies this equation; all that is needed is a set of relationships for p*(T), such as the Antoine 
equation or vapor-pressure chans or tables. Once 7 bp is known, the composition of the vapor 
phase can easily be determined by evaluating the partial pressures of each component from 
Equation 6.4-3 and determining each vapor-phase mole fraction as y,- = p-J P. 

The pressure at which the first vapor forms when a liquid is decompressed at a constant 
temperature is the bubble-point pressure of the liquid at the given temperature. Equation 6.4-4 
can be used to determine such a pressure for an ideal liquid solution at a specific temperature, 
and the mole fractions in the vapor in equilibrium with the liquid can then be determined as 

_ _Pi_ _ x >Pl(T) 

y ‘ Pbp Pbp 


(6.4-5) 
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EXAMPLE 6.4-3 


SOLUTION 


The dew-point temperature of a gas (vapor) may be found using a method similar to that 
for bubble-point temperature estimation. Again, suppose a gas phase contains the condensable 
components A, B, C,... and a noncondensable component G at a fixed pressure P. Let y t be 
the mole fraction of component i in the gas. If the gas mixture is cooled slowly to its dew point, 
r dp , it will be in equilibrium with the first liquid that forms. Assuming that Raoult’s law applies, 
the liquid-phase mole fractions may be calculated as 

x . - . i ~ A.B,C,... excluding G (6.4-6) 

P*i (Zdp) 

At the dew point of the gas mixture, the mole fractions of the liquid components (those that 
are condensable) must sum to 1: 

•r A + *B + *c + ' *' = 1 


I 


Equation 


6.4-6 


y^P + -Vb P 

P&(Tdp) Ps(^dp) 


(6.4-7) 


The value of T dp can be found by trial and error once expressions for p*(T) have been substi¬ 
tuted. The composition of the liquid phase may then be determined from Equation 6.4-6. 

The dew-point pressure, which relates to condensation brought about by increasing system 
pressure at constant temperature, can be determined by solving Equation 6.4-7 for P: 


Liquid mole fractions may 
system temperature, T. 


Pdp ~ 


>’A 




yc 


(6.4-8) 


pW) Pb(P) Pb(T) 

then be calculated from Equation 6.4-6 with T dp replaced by the 


Bubble- and Dew-Point Calculations 

1. Calculate the temperature and composition of a vapor in equilibrium with a liquid that is 40.0 
mole% benzene-60.0 mole% toluene at 1 atm. Is the calculated temperature a bubble-point 
or dew-point temperature? 

2. Calculate the temperature and composition of a liquid in equilibrium with a gas mixture con¬ 
taining 10.0 mole% benzene. 10.0 mole% toluene, and the balance nitrogen (which may be 
considered noncondensable) at 1 atm. Is the calculated temperature a bubble-point or dew¬ 
point temperature? 

3. A gas mixture consisting of 15.0 mole% benzene, 10.0 mole% toluene, and 75.0 mole% ni¬ 
trogen is compressed isothermally at 80°C until condensation occurs. At what pressure will 
condensation begin? What will be the composition of the initial condensate? 

Let A = benzene and B = toluene. 

L Equation 6,4-4 may be written in the form 

/(7bp) = 0.400/4(T bp ) + 0.600pg(T b p) - 760 mm Hg = 0 

The solution procedure is to choose a temperature, evaluate p* A and p \jj for that temperature 
from the Antoine equation using constants from Table B.4, evaluate f(T bp ) from the above 
equation, and repeat the calculations until a temperature is found for which f(T bp ) is suffi¬ 
ciently close to 0. 

Trial-and-error searches of this sort are easy to do using spreadsheet programs. Enter a 
guessed value of 7bp in one cell and the formula for f(T bp ) (including the Antoine equation for 
each vapor pressure) in an adjacent cell, then vary the value in the first cell until the value in 
the second cell is sufficiently close to zero. If the spreadsheet program has a goalseek tool, the 
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calculation is even easier: simply instruct the program to vary the value in the first cell to drive 
the value in the second cell to zero, (See Appendix A.2c.) 

Several numerical techniques for accelerating trial-and-error searches of this sort are dis¬ 
cussed in Appendix A.2. One of them, the regula-falsi method, is used by goalseek tools in 
many spreadsheet programs. This procedure has been used to generate the trial temperatures 
shown here for the third and subsequent trials. 


7TC) 

P ‘ A (mm Hg) 

pl(mm Hg) 

f(T b p) 

Fnew(°C) 

80 

757.66 

291.21 

-282.21 


100 

1350.49 

556.32 

113.99 

94.25 

94.25 

1152.23 

465.71 

-19.68 

95.09 

95.09 

1179.91 

478.26 

-1.08 

95.14 

95.14 

1181.43 

478.95 

-0.06 

95.14 


The solution is taken to be jr bp = 95.1°Cj . At this temperature. Equation 6.4-1 yields 
Pa = 0.400 (1181 mm Hg) = 472.5 mm Hg 
pn = 0.600 (479 mm Hg) = 287.5 mm Hg 

I 

P - (472.5 + 287.5) mm Hg = 760 mm Hg 
Furthermore, from Equation 6.4-5, 

= 4715 
jA ” 760.0 


y B = 1 - y A = 

1-—_I 

Since the composition of the liquid was given, this was a |bubble-point| calculation. 

2. Equation 6.4-7 may be written as 

t!T N _ (0.100)(760 mm Hg) . (0.100)(760 mm He) 

j d P ; ———-7 - -i — . . - 1.00 = 0 

Pa(^p) Pb(^p) 

A trial and error procedure similar to that in part (1) leads to the result [r dp = 52.4°c| , at which 
temperature p A = 297.4 mm Hg and p’ H = 102.1 mm Hg. Then, from Equation 6.4-6, 

_ 0.100(760 mm Hg) 

Pa(52.4°C) 

*b = 1 — x A = |~0.744 mol toluene/mol I 

1136 c ^Pg sition of the va P or was given and that of the liquid was calculated; therefore, this 
was a (dew-point] calculation. 

3. The vapor pressures of benzene and toluene at 80°C are determined from the Antoine equation 
to be 757.7 mm Hg and 291.2 mm Hg, respectively. Assuming that nitrogen is insoluble in the 
condensate, Equation 6.4-8 gives 


0.256 mol benzene/mol | 


j 0.622 mol benzene/mol 


0.378 mol toluene/mol 


P = 


_1_ 

(0.150;757.7 mm Hg) + (0.100/291.2 mmH^) 


1847 mm Hg 


*A 


v A P __ 0.150(1847 mm Hg) 
p\ “57.7 mm Hg 


0.366 mol benzene/mol | 


x B — 1 x A = j 0.634 mol toluene/mol | 
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Mole fraction benzene Mole fraction benzene 

P — \ atm T =100-0 

(«) Txy diagram (*> Pxy diagram 


Figure 6.4-1 Txy and Pxy diagrams for benzene-toluene system. 

6.4d Graphical Representations of Vapor-Liquid Equilibrium 

Vapor-liquid equilibrium calculations for binary (two-component) systems can be simplified 
considerably using a Txy diagram. Suppose the bubble-point temperature T of a solution of two 
components—A and B—is determined at a fixed pressure P and several values of xa, and the 
equilibrium vapor composition y\ is determined for each liquid composition. The Txy diagram 
is a plot of the equilibrium temperature versus the mole fraction of one of the components— 
usually the more volatile one—with curves being drawn for both the liquid phase (T versus *a) 
and the vapor phase (T versus ^a)- A plot of this type is shown in Figure 6.4-la for the benzene- 
toluene system at P = 1 atm. Alternatively, equilibrium pressure can be plotted against a mole 
fraction for a fixed temperature to generate a Pxy diagram (Figure 6.4-1&). 

Once you have a Txy diagram tike that of Figure 6.4-1, bubble- and dew-point calculations 
become trivial. To determine a bubble-point temperature for a given liquid composition, go to 
the liquid curve on the Txy diagram for the system pressure and read the desired temperature 
from the ordinate scale. (If you are not sure why this works, go back and consider again how 
the curve was generated.) You can then move horizontally to the vapor curve to determine the 
composition of the vapor in equilibrium with the given liquid at that temperature. 

The dew point of a vapor mixture of A and B at P can be determined from the Txy diagram 
if there are no species other than A and B in the gas phase. Look up the specified mole fraction 
of A in the vapor phase, read the dew-point temperature from the corresponding ordinate value 
of the vapor curve, and move horizontally to the liquid curve and down to read the composition 
of the liquid in equilibrium with the vapor. If a noncondensable species is present in the gas 
phase, however, you must use Equation 6.4-6 to find the dew point, as in the previous example. 

What happens as a liquid mixture is continuously vaporized is easily seen from the Txy di¬ 
agram. Consider the benzene-toluene system again, and suppose heat is added to a 55 mole% 
benzene and 45 mole% toluene liquid mixture at a fixed pressure of 1 atm. As Figure 6.4-la 
shows, the mixture will begin to boil at 90°C, and the vapor generated will contain 77% ben¬ 
zene. However, once a small amount of liquid has been vaporized, the remainder no longer 
contains 55% benzene; it contains less, since the vapor produced is relatively rich in this com¬ 
ponent. Consequently, the temperature of the system steadily rises as more and more liquid is 
vaporized, and the compositions of both phases change continuously during the process. 

Bubble- and Dew-Point Calculations Using Txy Diagrams 

— . -.. 

1. Using the Txy diagram, estimate the bubble-point temperature and the equilibrium vapor com¬ 
position associated with a 40 mole% benzene-60 mole% toluene liquid mixture at 1 atm. If the 
mixture is steadily vaporized until the remaining liquid contains 25% benzene, what is the final 
temperature? 
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SOLUTION 


2. Using the Txy diagram, estimate the dew-point temperature and the equilibrium liquid compo¬ 
sition associated with a vapor mixture of benzene and toluene containing 40 mole% benzene 
at 1 atm. If condensation proceeds until the remaining vapor contains 60% benzene, what is 
the final temperature? 


1. From Figure 6.4-la, for at b = 0.40, |r bp ~95°C] and [y B =0.62[ . (This m atches the res ult of 

the much lengthier solution of the previous example.) When xg = 0.25, [ 7 ^ ~ 100°C|. The 
temperature thus rises by 5°C as the vaporization proceeds. ' ~ 

2. Froi 

K 

Note: The precision associated with graphical calculations is less than that of numerical calcula¬ 
tions, as reflected in this example by the use of the =. However, the simplicity and clarity in followine 
the process path make graphical calculations quite useful. 


~ 96°Cj 


Figure 6.4-la, for y B = 0.40, \T dp « 102°C[ and |x B - 0-201 . When y B = 


0.60, 


The term “boiling” is sometimes incorrectly used to describe any process involving the 
transition from liquid to vapor. In fact, boiling refers to a specific type of vaporization process 
in which vapor bubbles form at a heated surface and escape from the liquid; it does not refer to 
molecular evaporation of liquid from a gas-liquid interface, which may occur at temperatures 
below the boiling point. (Recall your experience with leaving a container of liquid open to the 
atmosphere and finding the liquid partially or completely evaporated on your return.) 

In our discussion of single-component systems, we considered the case of a liquid being 
heated in a container exposed to the atmosphere and observed that the liquid boils at a tem¬ 
perature at which the vapor pressure of the liquid equals the total pressure of the atmosphere 
above it. A similar phenomenon occurs for liquid mixtures. If a mixture is heated slowly in an 
open container, vapor bubbles will form at the heated surface and emerge into the gas phase 
when the vapor pressure of the liquid equals the pressure above the liquid. 5 Some reflection 
should convince you that the temperature at which this occurs is the bubble point of the liquid 
at that pressure. For an ideal liquid solution, the boiling point may therefore be determined 
approximately from Equation 6.4-9. 

*APA(F bp ) + XBp m B (T bp ) + ■•• = p (6.4-9) 


EXAMPEB&&1 


Boiling Point of a Mixture 



Equipment 

Encyclopedia 

distillation 

SOLUTION C0 ' Umn 


A mixture that is 70 mole% benzene and 30 mole% toluene is to be distilled in a batch distillation 
column. The column startup procedure calls for charging the reboiler at the base of the column and 
slowly adding heat until boiling begins. Estimate the temperature at which boiling begins and the 
initial composition of the vapor generated, assuming the system pressure is 760 mm Hg. 


From the Txy di agram, the mixture will boil at approximatel y jS7°C[ . The initial vapor composition 
is approximately [88 mole% benzene and 12 mole % toluenej . 


We conclude this discussion with one final reminder. The vapor-liquid equilibrium cal¬ 
culations we have shown in Section 6.4c are based on the ideal-solution assumption and the 
corresponding use of Raoult s law. Many commercially important systems involve nonideal 
solutions, or systems of immiscible or partially miscible liquids, for which Raoult’s law is in¬ 
applicable and the Txy diagram looks nothing like the one shown for benzene and toluene. 


5 This is only an approximation, albeit generally a good one. In fact, the vapor pressure must be slightly greater 
than the gas-phase pressure to overcome the effects of liquid surface tension and the hydrostatic head of liquid 
at the heated surface. 
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Calculations for systems of this sort are considered in texts on phase-equilibrium thermody¬ 
namics. 


TEST 

YOURSELF 
(Answers, p. 658) 


1. What is the bubble point of a liquid mixture at a given pressure? What is the dew point 
of a vapor mixture at a given pressure? 

2. At what temperature will an equimolar liquid mixture of benzene and toluene begin to 
boil at 1 atm? What is the mole fraction of benzene in the first bubble? 

3. At what temperature will an equimolar vapor mixture of benzene and toluene at 1 atm 
begin to condense? What is the mole fraction of benzene in the first drop? What happens 
to the system temperature as the condensation proceeds? 

4. Would you expect the bubble-point temperature of a liquid mixture to increase, decrease, 
or remain the same as the pressure increases? What about the dew-point temperature of 
a vapor mixture? 

5. When you raise a liquid to its boiling point, the pressure beneath the liquid surface where 
the bubbles form is different from the gas-phase pressure (why?), so that the boiling does 
not take place at precisely the calculated temperature. Explain. If the bottom of a vat of 
water is heated on a day when atmospheric pressure is 1 atm and the height of the water 
is 5 ft, how would you estimate the boiling temperature? 

6. Why does determination of 7b P from Equation 6.4-4 or 7d p from Equation 6.4-8 involve 
a trial-and-error calculation? 


6.5 SOLUTIONS OF SOLIDS IN LIQUIDS 
6.5a Solubility and Saturation 


• 

Equipment 

Encyclopedia 

crystallizer 


The solubility of a solid in a liquid is the maximum amount of that substance that can be dis¬ 
solved in a specified amount of the liquid at equilibrium. This physical property varies consid¬ 
erably from one solute-solvent pair to another: for example, 100 g of water at 20°C can dissolve 
222 g of AgNC> 3 ,0.003 g of AgCC> 3 , and 0.00002 g of AgBr. The limit may also depend strongly 
on temperature: the solubility of AgNOj in 100 g of water increases from 222 g at 20°C to 
952 g at 100°C. Perry's Chemical Engineers' Handbook (see footnote 1) on pp. 2-7 through 
2-47 and 2-121 through 2-124 gives the solubilities of many substances in water, ethyl alcohol, 
and diethyl ether at specified temperatures. 

A solution that contains as much of a dissolved species as it can at equilibrium is said to be 
saturated with that species. A solution in equilibrium with solid solute must be saturated with 
that solute; if it were not, more solute would dissolve. 

If a saturated solution is cooled, the solubility of the solute generally decreases; in order 
for the cooled solution to return to equilibrium, some solute must come out of solution as 
solid crystals. The crystallization rate may be slow, however, so that a metastable condition 
can exist in which the concentration of the solute is higher than the equilibrium value at the 
solution temperature. Under such conditions, the solution is said to be supersaturated and the 
difference between actual and equilibrium concentrations is referred to as supersaturation. All 
problems involving solid-liquid separations in this text assume that equilibrium exists between 
the solid and liquid phases, so that supersaturation need not be considered. 


EXAMPLE 6.5-% 


Crystallization and Filtration 


• 

Equipment 

Encyclopedia 

crystallizer, 
filter, dryer 


One hundred fifty kilograms of a saturated aqueous solution of AgNC >3 at 100°C is cooled to 20°C, 
thereby forming AgNOs crystals, which are filtered from the remaining solution. The wet filter cake, 
which contains 80% solid crystals and 20% saturated solution by mass, passes to a dryer in which 
the remaining water is vaporized. Calculate the fraction of the AgNOj in the feed stream eventually 
recovered as dry crystals and the amount of water that must be removed in the drying stage. 
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SOLUTION 


Basis: ISO kg Feed 

Both the filtrate and the liquid retained in the filter cake are in equilibrium with solid AgNOj crys¬ 
tals and must therefore be saturated with AgNOj at 20°C. The compositions of saturated solutions 
of silver nitrate at 100°C and 20°C are given at the beginning of this section and are used in the 
flowchart. 



150 kg 
0.905 kg AgN0 3 /kg 
0.095 kg H 2 0/kg 
100’C 


m 2 [kg AgN0 3 (s)] 1 / 

4 

fm 3 (kg solution) 


1 0.689 kg AgN0 3 /kg f 

DRYER 

L 0.311 kg H 2 0/kg J 



Solubilities 


100°C: 


952 g AgNOj 952 g AgNOj 


100gH 2 O 


(100 + 952) g 


20° C: 


222 g AgNQ 3 
lOOg HjO 


222 g AgNQ 3 

(100 + 222) g 


jm 5 [kg AgNO s (s)] 

= 0.905 g AgNOj/g 

II 

0.095 g H 2 0'g 
> 0.689 g AgNCh/g 

I 


0.311 gH 2 0/g 

Composition of the Filter Cake m 2 = 0.8(m 2 + m : ,) => m 2 = 4m.: 

H 2 0 Balance About the Crystallizer and Filter (0.095 X 150) kg HjO = 0.31 lm, - 0.311m: 
Mass Balance About the Crystallizer and Filter 150 kg = mi + m 2 - ms 

The simultaneous solution of these three equations yields 

m t = 20 kg 
m? = 104 kg 
m 3 = 26 kg 

Overall AgN0 3 Balance (0.905 X 150) kg AgN0 3 = 0.689m, + m? 

Jjm, = 20 kg 

m 5 = 122 kg AgNOj crystals recovered 

Percentage Recovery ——? ^ reC - ° vere A . x 100% - 89 9% 

(0.905 x 150) kg AgNOj fed /0 

Overall Mass Balance 150 kg = m, 4- m 4 + m s 

mj - 20 kg 
ms = 122 kg 


m 4 - j 8 kg HjO removed in the drver 
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Figure 6.5-1 Solubilities of inorganic solutes. 


6.5b Solid Solubilities and Hydrated Salts 

The Gibbs phase rule shows that specifying temperature and pressure for a two-component 
system at equilibrium containing a solid solute and a liquid solution fixes the values of all other 
intensive variables. (Verify this statement.) Furthermore, because the properties of liquids and 
solids are only slightly affected by pressure, a single plot of solubility (an intensive variable) 
versus temperature may be applicable over a wide pressure range. 

The solubility plots shown in Figure 6.5-1 illustrate how the effect of temperature on sol¬ 
ubility can vary from system to system. Increasing the temperature from 0°C to 100°C barely 
changes NaCl solubility but increases the solubility of KNO 3 by more than a factor of 10. For 
Na 2 SC> 4 , solubility increases up to about 40°C and decreases thereafter. 


EXAMPLE 6.5-2- 


Material Balances on a Crystallizer 


9 

Equipment 

Encyclopedia 

crystallizer 

SOLUTION 


An aqueous potassium nitrate solution containing 60.0 wt% KNO 3 at 80°C is fed to a cooling crystal¬ 
lizer in which the temperature is reduced to 40°C. Determine the temperature at which the solution 
reaches saturation and the percentage of the potassium nitrate in the feed that forms crystals. 


The feed concentration must be converted to a solute/solvent ratio to use Figure 6.5-1. Since 
100.0 g of the solution contains 60.0 g KNO 3 and 40.0 g H 2 O, the desired ratio is 


60.0 g KNO 3 = g KNQ 3 = 150 g KNO 3 
40.0 gH 2 0 gH 2 0 100 g H 2 0 

From Figure 6.5-1, the saturation temperature of this solution is [74° c| . 
Here is a flowchart of the process for an assumed basis of 100 kg feed. 


Saturated 
solution at 40X 


m<(kg) 4 

,t(kg KNOj/kg) ‘ 


Feed 



100 kg 

0.600 kg KNOj/kg 
0.400 kg H 2 0/kg 
SOX 





Crystals 

t 


in 

equilibrium 


mjtkg KN0 3 (s)] 
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There are three unknowns on the chart (m u x, m 2 ). We will assume that the solution leaving the 
crystallizer is saturated at 40°C. Accordingly, the value of x may be determined from the known 
solubility of KNOj at that temperature, and the remaining two variables may be determined from 
material balances. From Figure 6.5-1, the solubility at 40° C is roughly 63 kg KNO 3 /IOO kg H 2 0. The 
calculations follow. 


H 2 0 Balance 



63 kg KN0 3 

= 0.386 kg KNQ 3 /kg 


(63 + 100 )kg solution 

100 kg 

0.400 kg H 2 0 _ wj(kg) 

(1 - 0.386) kg H 2 0 


kg 

kg 


Mass Balance 


mi — 65.1 kg 

100 kg = m, + m 2 =====.=» m 2 = 34.9 kg KNOj(s) 


The percentage of the potassium nitrate in the feed that crystallizes is therefore 
34.9 kg KNO 3 crystallized 


60.0 kg KNO 3 fed 


• x 100% = 


58.2% 


The solid crystals that formed in the preceding example consisted of anhydrous (water- 
free) potassium nitrate. When certain solutes crystallize from aqueous solutions, the crystals 
are hydrated salts, containing water molecules bonded to solute molecules (water of hydra¬ 
tion). The number of water molecules associated with each solute molecule may vary with the 
crystallization temperature. 

For example, when sodium sulfate crystallizes from aqueous solution below 40°C the crys¬ 
tals that form are anhydrous Na 2 S0 4 , while above 40°C each molecule of Na 2 S0 4 that crys¬ 
tallizes has 10 molecules of water associated with it. The hydrated salt, Na 2 SO 4 T0H 2 O(s), is 
called sodium sulfate decahvdrate. The change from the anhydrous to the hydrated form of the 
solid at 40° C is responsible for the discontinuity in the plot of Figure 6.5-1. Another solute that 
forms hydrated salts is magnesium sulfate, which can exist in five different forms in different 
temperature ranges. (See Table 6.5-1.) 


Table 6.5-1 Hydrated MgS0 4 Salts 


Form 

Name 

Wt% MgSO, 

t Conditions 

MgSO, 

Anhydrous magnesium sulfate 

100.0 

> 100°C 

MgS0 4 -H 2 0 

Magnesium sulfate monohydrate 

87.0 

67 to 100°C 

MgS0 4 -6 H 2 0 

Magnesium sulfate hexahydrate 

52.7 

48 to 67° C 

MgS0 4 -7 H 2 0 

Magnesium sulfate heptahydrate 

48.8 

2 to 48°C 

MgS0 4 12H 2 0 

Magnesium sulfate dodecahydrate 

35.8 

-4 to 2°C 



Production of a Hydrated Salt 



Equipment 

Encyclopedia 

crystallizer 


An aqueous solution of magnesium sulfate at 104°C containing 30.1 wt% MgS0 4 is fed to a cooling 
crystallizer that operates at 10°C. The stream leaving the crystallizer is a slurry of solid magnesium 
sulfate hepta hydrate particles [MgS0 4 -7H 2 0(s)] suspended in a liquid solution. Tabulated solubility 
data for magnesium sulfate [Perry’s Chemical Engineers' Handbook (see footnote 1), p. 18-35] show 
that a saturated solution at 10°C contains 23.2 wt% MgS0 4 . Determine the rate at which solution 
must be fed to the crystallizer to produce 1 metric ton (1 tonne, 1000 kg) of magnesium sulfate 
heptahydrate per hour. 


SOLUTION Basis: 1 tonne MgS0^ 7HiO(s) Produced/h 

We assume that the solution leaving the crystallizer is in equilibrium with the solid crystals and is 
therefore saturated with MgSCL. A flowchart of the crystallizer follows: 
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mj. (tonne /h) 


1 tonne MgS0 4 - 7H 2 0(s)/h 

0.301 tonne MgS0 4 /tonne 
0.699 tonne H,0/tonne 


«i 2 (tonne solution/h) 

0.232 tonne MeSO./tonne 


104°C 0.768 tonne H 2 0/tonne 

10°C 

There are two unknowns on the chart (mt and m 2 ) and two independent molecular species on which 
balances may be written (MgS0 4 and H 2 0), so that the problem can be solved. The atomic weights 
on the inside back cover may be used to show that the molecular weight of anhydrous magnesium 
sulfate is 120.4 and that of the heptahydrate salt is 246.4. The balances follow. 

Total Mass Balance = 1 tonne/h + m 2 

MgSOt Balance 


0.301m! 


/ tonne MgSO* 

V h 


1 tonne MgS0 4 -7H 2 0 

120.4 tonne MgS0 4 

h 

rh 2 (tonne solution/h) 

246.4 tonne MgSO 4 -7H 2 0 

0.232 tonne MgS0 4 


tonne solution 


Solving these two equations simultaneously yields \m\ = 3.71 tonne/h] and m 2 = 2.71 tonne/h. 


TEST 

YOURSELF 
(Answers, p. 659) 


1. Solid crystals of sodium chloride are slowly added to 1000 kg of water at 60°C. After 
each small addition, the mixture is stirred until the salt dissolves, and then more salt is 
added. How much salt can be dissolved if the temperature is maintained at 60°C? What 
will happen if more than this quantity of salt is added? (Refer to Figure 6.5-1.) 

2. An aqueous solution contains 50.0 wt% KNO 3 at 80°C. To what temperature would this 
solution have to be cooled before solid crystals begin to form? What happens as the solu¬ 
tion is cooled to progressively lower temperatures? 

3. What do the terms hydrated salt, water of hydration, and anhydrous salt mean? What 
would MgS 0 4 - 4 H 20 (s) probably be called if this species were found in nature? (Hint: 
Think about CCI4.) 

4. Given that the molecular weight of MgS0 4 is 120.4, what is the mass fraction of MgS0 4 
in magnesium sulfate monohydrate? 

5. Why is there a slope discontinuity at 40° C in the Na 2 S 0 4 solubility curve of Figure 6.5-1? 


6.5c Colligative Solution Properties 

Physical properties of a solution generally differ from the same properties of the pure sol¬ 
vent. Under certain conditions, the changes in the values of several properties—such as vapor 
pressure, boiling point, and freezing point—depend only on the concentration of solute in the 
solution, and not on what the solute and solvent are. Such properties are referred to as colliga- 
tive solution properties. (A fourth colligative property—osmotic pressure—will not concern us 
in this text.) 

An understanding of colligative properties is important in the determination of the oper¬ 
ating conditions of certain processes. For example, a process can be designed to recover pure 
water by evaporation or freezing of seawater. In the first instance, pure water is recovered by 
condensation of vapor from the evaporator, while in the second it is recovered by separating 
and melting ice from the freezer. An engineer who intends to design or operate an evaporator 
or an ice crystallizer clearly must know the temperature at which the phase transition takes 
place—the boiling point in the first case, the freezing point in the second. In addition, mea¬ 
sured values of colligative solution properties are often used to deduce properties of either the 
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solvent or the solute, such as molecular weight, which cannot easily be determined by more 
direct means. 

This section presents an introductory view of colligative properties, considering only the 
simple case of a solution in which the solute is nonvolatile (i.e., has a negligible vapor pressure at 
the solution temperature) and the dissolved solute neither dissociates (which rules out ionizing 
acids, bases, and salts) nor reacts with the solvent. Discussions of more complex systems can 
be found in most physical chemistry texts. 

Consider a solution in which the solute mole fraction is x and the vapor pressure of the 
pure solvent at the solution temperature is p*. Applying Raoult’s law (Equation 6.4-1) to the 
solution, we obtain for the partial pressure of the solvent 

p s (T) = (1 - jc)Ps(T) (6.54) 

If the liquid is pure solvent (x = 0), this equation predicts that the partial pressure of the 
solvent vapor equals the vapor pressure of the solvent, as we would expect. Since the solute is 
nonvolatile, the solvent is the only component of the liquid solution that is also in the vapor. 
The pressure exerted by this vapor is referred to as the effective solvent vapor pressure: 

<X)e = p s « (1 - x)pl (6.5-2) 

Since *— and hence (1 - x )—is less than one, the effect of the solute is to lower the effective 
solvent vapor pressure. The vapor pressure lowering, defined as the difference between the 
vapor pressure of the pure component and the effective vapor pressure of the solvent, is 

Aft = Pi ~ (K)e = xp* s (6-5-3) 

The simplicity and generality of Equation 6.5-3 are surprising. According to the equation, 
if a solution contains 20 mole% solute, then the solvent partial pressure is 80% of the vapor 
pressure of pure solvent at the system temperature, regardless of the temperature, the pressure, 
and what the solute and solvent are. (Hence, vapor pressure lowering is a colligative property, 
by definition.) The only stipulations are that Raoult’s law holds and the solute is nonvolatile, 
nonreactive, and nondissociative. 

The lowering of solvent vapor pressure has two important consequences. The solvent in 
a solution at a given pressure boils at a higher temperature and freezes at a lower temperature 
than does the pure solvent at the same pressure. The validity of these statements can be seen 
by referring to Figure 6.5-2, a phase diagram for an arbitrary solute-solvent system. Shown on 
this figure are the vapor-liquid and solid-liquid equilibrium curves for a pure solvent (solid 
curves) and for a solution of a fixed solute concentration (dashed curves). The solution vapor- 
liquid and solid-liquid equilibrium curves lie below the solvent curves, reflecting the fact that 
the effective vapor pressure at a given temperature and freezing point at a given pressure for 
the solution are lower than those of the pure solvent. The higher the solute concentration, the 
greater is the separation between the pure solvent and the solution curves. 

The effect of the solute on the solution boiling point is easy to see from the diagram. Recall 
that the boiling point of a liquid at a given pressure is the intersection of a horizontal line at 
that pressure with the vapor-liquid equilibrium curve. At pressure Pq, the pure solvent boils at 
temperature T w , while the solution boils at a higher temperature, T bs . 



r 


Figure 6.5-2 Phase-equilibrium curves for 
pure solvent and solution. 
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The change in the solvent freezing point is a little less obvious. First, consider the triple 
point—the intersection of the solid-vapor and the liquid-vapor equilibrium curves. It is clear 
from Figure 6.5-2 that the effect of the vapor pressure lowering is to lower the triple point of the 
solution relative to pure solvent. If in addition the solid-liquid equilibrium curve for the solution 
is (like that for the pure solvent) almost vertical, then the freezing point at an arbitrary pressure 
P 0 also drops—on the diagram, from T m o for the pure solvent to T ms for the solution. 

Since we know how the solution vapor pressure varies with concentration (the relationship 
being given by Equation 6.5-2) and temperature (through the Clausius-Clapeyron equation. 
Equation 6.1-3), we can determine the relationships between concentration and both boiling 
point elevation and freezing point depression. The relationships are particularly simple for 
dilute solutions (* 0, where x is solute mole fraction). 


E> 

n 

ST* 

1 

'-S- 

(6.5-4) 

J 

II 

<J 

_ T - 

(6.5-5) 


In these equations, Ai/ V refers to the heat of vaporization of the pure solvent at its boiling 
point 7bo, and A H m denotes the heat of fusion of the pure solvent at its melting point T m0 . 
These properties of the solvent can be looked up in data tables, such as Table B.l of this text. 
Their physical significance is discussed in Chapter 8. The derivation of Equation 6.5-4 is dealt 
with in Problem 6.87 at the end of this chapter. 

Since the coefficients of x in these two equations are constant, it follows that for dilute 
solutions of nonvolatile, nonreactive, nondissociative solutes, both boiling point elevation and 
freezing point depression vary linearly with solute mole fraction. 

The next example shows applications of Equations 6.5-2 through 6.5-5 to the determination 
of a vapor pressure and phase-transition temperatures for a known solution concentration, 
and to the calculation of a solution composition and solute molecular weight from a measured 
colligative property. 

1. What is a colligative solution property? Name three of them. 

2. The vapor pressure of a solvent at 120°C is 1000 mm Hg. A solution contains 15 mole% 
of a solute in this solvent at 120°C, If the behavior described in this section is followed, 
what is the effective vapor pressure of the solvent? What conditions must be met for your 
answer to be valid? 

3. The solution described in question 2 is heated to a temperature at which boiling occurs at 
a total pressure of 1000 mm Hg. Is the boiling temperature greater than, less than, or equal 
to 120°C? What is the vapor pressure of the pure solvent at the solution boiling point? 

4. Explain why salt is scattered on roads and sidewalks on a snowy day. 

5. Explain why antifreeze (which you may think of as a nonvolatile solute) is a useful addi¬ 
tion to an automobile radiator in both the cold of winter and the heat of summer. 

EX^IPLU'^'5-^ Colligative Property Calculations 

A solution of 5.000 g of a solute in 100.0 g of water is heated slowly at a constant pressure of 
1.00 atm and is observed to boil at 100.421°C. Estimate the molecular weight of the solute, the 
effective solvent vapor pressure at 25°C, and the solution freezing point at 1 atm. The necessary 
properties of water can be found in Table B.l. 

SOLUTION If the values of the normal boiling point and heat of vaporization of pure water (from Table B.1) 

and the gas constant are substituted into Equation 6.5-4, the result is 

_ [8.314 J/(mol*K)](373.16 K) 2 x 
irb(K) -40656 J/mol- 


TEST 

YOURSELF 
(Answers, p. 659) 


= 28.5a- 
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From the measured boiling point elevation, AF b = 0.421 K, we may deduce that the mole fraction 
of the solute in the solution is x = 0.421/ 28.5 = 0.0148. But since the solution is known to con¬ 
tain (5.000/M s ) mol of solute, where M , is the solute molecular weight, and 100.0 g/18.016 g/mol = 
5.551 mol of water, we may write 

0.0148 = (5.000 g/M 5 )/(5.000 g/M s + 5.551 mol) 


| = 60.1 g/mol 

From Equation 6.5-2 the effective solvent vapor pressure at 25°C is determined from the vapor 
pressure of pure water at this temperature (found in Table B.3) as 


(, Pi )c = (1.000 - 0.0148)(23.756 mm Hg) = 


23.40 mm Hg 


Finally, substituting values of the melting point and heat of fusion of water (from Table B.1) and the 
gas constant into Equation 6.5-5, we obtain 


AT = [8-314 J/(moi-K)](273.16 K) 2 (0.0148) 
m (6009.5 J/mol) 

I 


r ms = (0.000 - 1.53)°C = -1.53°C 


CREATIVITY EXERCISE 

A solution contains an unknown amount of table salt dissolved in water. List as many ways 
as you can think of to measure or estimate the concentration of salt in the solution without 
leaving the kitchen of your home. The only instruments you are allowed to bring home from 
work are a thermometer that covers the range -10°C to 120°C and a small laboratory balance. 
( Example: Make up several solutions with known salt concentrations, and compare their tastes 
with that of the unknown solution.) 


6.6 EQUILIBRIUM BETWEEN TWO LIQUID PHASES 
6.6a Miscibility and Distribution Coefficients 


9 

Equipment 

Encyclopedia 

extractor, 

settler 


If water and methyl isobutyl ketone (MIBK) are mixed at 25°C, a single phase results if the 
mixture contains more than either 98% water or 97.7% MIBK by mass; otherwise, the mixture 
separates into two liquid phases, one of which contains 98% H 2 0 and 2% MIBK and the other 
97.7% MIBK and 2.3% H?0. Water and MIBK are examples of partially miscible liquids; they 
would be termed immiscible if one phase contained a negligible amount of water and the other 
a negligible amount of MIBK. 

If a third substance is added to a two-phase liquid mixture, it distributes itself accord¬ 
ing to its relative solubility in each phase. For example, acetone is soluble in both water and 
chloroform—two nearly immiscible liquids—but much more so in chloroform. If a mixture of 
acetone and water is contacted with chloroform, a substantial portion of the acetone enters the 
chloroform-rich phase. Separation of the acetone and water may then be accomplished easily 
by allowing the mixture to settle and separating the two phases. This example illustrates the 
separation process of liquid extraction. 

Suppose A and S are two nearly immiscible liquids and B is a solute distributed between 
the phases of an A—S mixture. The distribution coefficient (also known as partition ratio) of 
component B is the ratio of the mass fraction of B in the S phase to that in the A phase. Perry’s 
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Chemical Engineers’ Handbook (see footnote 1) on pp. 15-10 through 15-14 lists distribution 
coefficients for a number of ternary (three-component) liquid systems. Example 6.6-1 illus¬ 
trates the use of this physical property in a material balance calculation. 



Extraction of Acetone from Water 



Equipment 

Encyclopedia 

extractor 

SOLUTION 


Two hundred cubic centimeters of an acetone-water mixture that contains 10.0 wt% acetone is 
mixed with 400.0 cm 3 of chloroform at 25° C, and the phases are then allowed to settle. What per¬ 
centage of the acetone is transferred from the water to the chloroform? 


Basis: Given Quantities 


The densities of the pure substances are given in Table B.l: 


Acetone (A) 0.792 g/cm 3 

Chloroform (C) 1.489 g/cm 3 

Water (W) 1.000 g/cm 3 


Since density data for the acetone-water system are not readily available, let us use Equation 5.1-1 
to estimate the density of the feed solution: 

1 _ x A xyj _ (0.100 0.900\cm 3 _ cm 3 

P ~ Vs + W ~ \0792 + LOOO/T' ' T 

I 

p = 0.974 g/cm 3 


The mass of the solution fed is therefore 


and that of the chloroform is 


200.0 cm 3 

0.974 g 


cm 3 

400.0 cm 3 

1.489 g 


cm 3 


Let us next assume that chloroform and water are immiscible. (How to deal with partial miscibil¬ 
ity is discussed in Section 6.6b.) In drawing the flowchart for this problem, it is advisable to label 
the quantities of each component in each of the two output streams, rather than the total stream 
masses and component mass fractions. (Labeling in the latter manner results in having to solve four 
simultaneous equations in four unknowns.) 


195 g 
0.1 g A/g 
0.9 g W/g 

596 gC 


EXTRACTOR 


m x {g A) 
m 2 (g W) 


m 3 (g A) 
m 4 (g C5 




In 

equilibrium 
at 25°C 


The distribution coefficient for the A-C-W system is given on p. 15-12 of Perry’s Chemical Engi¬ 
neers’ Handbook (see footnote 1) as 1.72. If x denotes mass fraction of acetone, 


K = (*)c phase _ m 3 /(m 3 + m 4 ) _ ^ ^ 
(*)w phase m l/( m l + m 2) 


( 6 . 6 - 1 ) 


This provides one equation in the four unknowns mi, mi, and m 4 . The others are provided by 
material balances. 
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C Balance 596 g = m 4 

WBalance (0.900)(195 g) = m 2 => m 2 = 175.5 g 

A Balance (0.100)(195 g) = m, + m 3 

Substituting the known values of m 2 and m 4 into the first equation yields (with the acetone balance) 
two equations in two unknowns, which may be solved to obtain 


nti = 2.7 g A in water phase 
m3 = 16.8 g A in chloroform phase 
The percentage of acetone transferred is therefore 

16.8 g acetone in chloroform phase 

(0.100 x 195) g acetone fed 0 


j 86 . 1 % 


In practice, extraction is often carried out in several consecutive stages, with the solution 
leaving each stage being contacted with additional solvent in the next stage. If enough stages 
are used, almost complete transfer of the solute can be achieved. Problem 6.91 at the end of 
this chapter illustrates this method of operation. 

TEST 1- What is a distribution coefficient? What is liquid extraction? 

YOURSELF 2. The distribution coefficient for the system water-acetic acid-vinyl acetate is 

(Answers, p. 659) mass fraction of acetic acid in vinyl acetate _ ^g^ 

mass fraction of acetic acid in water 

Is acetic acid more or less soluble in vinyl acetate than in water? If you use vinyl acetate 
to extract a large portion of the acetic acid in an aqueous solution, how would the relative 
masses of the two phases compare (mvA ^ mvA ~ mw, or mvA m A )? 


6.6b Phase Diagrams for Ternary Systems 

The behavior of partially miscible ternary (three-component) systems may be represented on a 
triangular phase diagram, which may take the form of an equilateral triangle (as shown in Fig¬ 
ure 6.6-1 for H^O-MIBK-acetone at 25°C) or a right triangle. The latter is easier to construct 
on rectangular axes, but the two forms are equally easy to use. In both cases, each apex of the 
triangle represents a single component and edges represent binary solutions. For example, edge 
b on Figure 6.6-1 represents solutions of tfyO and acetone. Point K represents a mixture that 
is 20.0 wt% M1BK, 65.0% acetone, and 15.0% water. Any mixture whose composition falls 
in region A, such as at point K, is a single-phase liquid, whereas any mixture whose overall 
composition falls in region B separates into two phases. 

The lines shown within region B —called tie lines—connect compositions of the two liq¬ 
uid phases in equilibrium with each other. For example, if MIBK, water, and acetone are 
blended so that a mixture with overall composition at point M (55.0 wt% water, 15.0% acetone, 
30.0% MIBK) results, the mixture separates into phases having compositions given by points L 
(85 wt% water, 12% acetone, 3% MIBK) and N (4 wt% water, 20% acetone, 76% MIBK). 
When a mixture does not fall on a tie line, interpolation between the lines is necessary to de¬ 
termine the composition of each phase. 

The Gibbs phase rule demonstrates that a mixture of three components that forms two 
liquid phases at equilibrium has three degrees of freedom. (Verify.) If pressure (which in any 
case has little effect on liquid properties) and temperature are fixed, one degree of freedom 
remains. Specifying the mole fraction of one of the components in one of the phases is there¬ 
fore sufficient to determine the compositions of both phases. For example (referring to Figure 
6.6-1), specifying that the weight fraction of acetone is 0.25 in the MIBK-rich phase fixes 
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TEST 

YOURSELF 
(Answers, p, 659) 


EXAMPLES^ 

• 

Equipment 

Encyclopedia 

mixer-settler 


SOLUTION 


Acetone 



Figure 6.6-1 Triangular phase diagram for water-acetone-methyl isobutyl ke¬ 
tone (composition in wt%) at 25° C. (From D. F. Othmer, R. E. White, and E. 
Trueger, Ind. Eng. Chem. 33:1240,1941.) 


both the composition of that phase and the composition of the water-rich phase. (Verify this 
statement by determining both compositions.) 

1. What is a tie line on a triangular phase diagram? 

2. Show that a mixture with a composition of 4% acetone, 51% MIBK, and 45% H 2 0 sep¬ 
arates into two phases. What is the composition of each phase? Calculate the ratio of the 
mass of the MIBK-rich phase to the mass of the FLO-rich phase. 


Extraction of Acetone from Water: Use of the Phase Diagram 

One thousand kilograms of a 30.0 wt% solution of acetone in water and a second stream of pure 
methyl isobutyl ketone (MIBK) is fed to a mixer. The mixture is then fed to a settler where two 
phases form and are withdrawn separately at 25°C. How much MIBK must be fed to the process to 
reduce the acetone concentration in the water-rich phase to 5 wt%, assuming that the fluids remain 
in the settler long enough for equilibrium to be achieved? 



Since the two product streams are in equilibrium, their compositions must lie on the phase envelope 
and must be connected by a tie line. Accordingly, the composition of m R is 5% acetone, 93% H-O, 
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and 2% MIBK and that of is 10% acetone, 87% MIBK, and 3% H 2 0. Overall balances can now 
be used to determine /n E , m R , and m%. 

Mass Balance m s + 1000 kg = m B + m R 

Acetone Balance (0.30)(1000 kg) = 0,10m E + 0.05m R 

H 2 0 Balance (0.7Q)(1000 kg) = 0.03m E + 0.93m R 

Solving these three equations yields (before rounding for significant figures) 

m E — 2667 kg 
m R = 667 kg 
and 


m s = 2334 kg MIBK 
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The attraction of chemical species in gases and liquids to the surfaces of solids is the basis of 
a number of separation processes. For example, baking soda or charcoal may be placed in a 
refrigerator to remove unacceptable odors, and compressed air may be dried and purified by 
passing it through a bed of calcium chloride to remove water vapor and then through a bed 
of activated carbon to separate hydrocarbons taken up by the air during compression. Each of 
these operations utilizes a solid with an extremely high surface area (e.g., about 320 mr/g of 
activated carbon) and takes advantage of the affinity of specific components in a fluid for the 
surface of a solid. The solid is known as an adsorbent and the component attracted to the solid 
surface is an adsorbate. 

Adsorbate equilibrium data on a specific adsorbent are often taken at a specific tempera¬ 
ture and are referred to as adsorption isotherms. These functions or plots relate X*, the max¬ 
imum mass of adsorbate i that can be held by a unit mass of the adsorbent, to c,- or p t , the 
concentration or partial pressure of adsorbate i in the fluid contacting the solid. 

Consider how an isotherm might be determined for the system carbon tetrachloride and 
activated carbon. 


• Place a known mass of activated carbon in a chamber whose temperature is controlled at a 
specified value. 

• Draw a vacuum in the chamber and then admit carbon tetrachloride vapor until a desired 
pressure is reached. 

• Allow the system to come to equilibrium, read the equilibrium pressure, and determine the 
mass of carbon tetrachloride adsorbed by weighing the solid. 

• Admit more carbon tetrachloride into the system and repeat the procedure. 

Data resulting from a series of such experiments might appear as shown in Table 6.7-1. 

Chapter 16 of Perry’s Chemical Engineers' Handbook (see footnote 1) gives physical 
properties of several important adsorbents and several different expressions for adsorption 
isotherms. Equilibrium data for specific adsorbent-adsorbate systems may be found in pub¬ 
lished articles, adsorbent manufacturers’ specification sheets, or company records. If no data 
can be found, isotherms must be obtained experimentally. 


Table 6.7-1 Equilibrium Data for CC1 4 Adsorbed on Activated Carbon at 34°C 


p (mm Hg) 

0 1.69 

3.38 

6.76 

8.45 

11.8 20.7 

32.1 

40.0 

84.5 

104 

123 133 

X*(g CCU/g carbon) 

0 0.07 

0.14 

0.27 

0.34 

0.48 0.57 

0.63 

0.68 

0.70 

0.71 

0.71 0.71 
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Figure 6.7-1 Langmuir adsorption isotherm for 
carbon tetrachloride on activated carbon at 34°C. 


At low adsorbate partial pressures, isotherms may be linear: 

x i = Kcj or X* = K'pi (6.7-1) 

The Langmuir isotherm is a more complex expression that is valid for some systems over a 
wider range of adsorbate partial pressures or concentrations. 


y* _ pi 

1 1 + K L pi 


or 


X* 


aK[a 

1 + K[c, 


(6.7-2) 


In these equations, a, Ki ,, and are parameters determined by fitting the equations to equi¬ 
librium data. Figure 6.7-1 shows the fit of the Langmuir isotherm (Equation 6.7-2) to the ad¬ 
sorption data in Table 6.7-1. The fitted parameter values are a = 0.794 g CCl 4 /g carbon and 
K t = 0.096 (mm Hg) _1 . 


EXAMPLE 6.7-1 


Balances on an Adsorption Process 
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A 50.0-liter tank contains an air-carbon tetrachloride mixture at 1 atm absolute, 34°C, and 30.0% 
relative saturation. Activated carbon is placed in the tank to adsorb CC1 4 . The temperature of the 
tank contents is maintained at 34°C, and clean air is continuously supplied to the tank throughout 
the process to maintain the total pressure at 1.00 atm. The process may be shown schematically as 
follows: 


m c (g C) 

0 g CCI 4 adsorbed 


V = 50.0 L 

T = 34°C 
/>= 1.00 atm 
n{mol) 

,v 0 (mol CCVmol) 


V = 50.0 L 
r=34°c 

P = 1.00 atm 
n (mol) 

0.001 mol CCI 4 /mol 

■_ 

Hi 


m c (g C) 

(g CC1 4 adsorbed) 


Calculate the minimum amount of activated carbon needed to reduce the CC1 4 mole fraction in the 
gas to 0.001. Neglect the volume of the activated carbon and the adsorbed CC1 4 . Why would the 
actual amount placed in the tank be larger than the calculated value? 

SOLUTION The minimum amount of activated carbon is required if adsorption equilibrium is achieved in the 

final state, so that the adsorbent holds as much CCI4 as it can. The strategy will be to determine 

1. n from the ideal gas equation of state. 

2 . >0 from the specified initial relative saturation. 
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3. pccu (the final partial pressure of CCU) = 0.001 P. 

4 . ^cci 4 (the mass ratio of adsorbed CCU to carbon at equilibrium) from the Langmuir isotherm 
(Equation 6.7-2). 

5. The mass of CCU adsorbed (m ads ) as the difference between the mass initially present in the 
gas (= yanMccu ) and the mass present at the end ( = O.OOlnMco, )- 

6. The mass of carbon from X^ Ci and m ads (m c = wiads^cct,)- 


Ideal Gas Equation of State 


PV _ (1.00 a.m)(50.0 L) _ , „ 8 mo| 

RT (^IS)* 307 ^ 


Initial Relative Saturation = 0.300 


From the Antoine equation (Table B.4), the vapor pressure of carbon tetrachloride at 34°C is 
Pcci 4 = 169 mm Hg. Consequently, 

„ p P = 760 mm Hg 

Pccu - yof - = 0.300 .> yo = 0.0667 mol CCU/mol 


Pcci (34° C) 169 mm Hg 


Langmuir Isotherm 

The final partial pressure of carbon tetrachloride is 

pco t = yoP = 0.001(760 mm Hg) = 0.760 mm Hg 


From Equation 6.7-2, 


. _ aK L pccu 

ca4 1 + ATlPccij 


a = 0.794 g CCh/g C 
K l = 0.096 (mm Hg)~ 
,Pcci, = 0.760 mm Hg 


X rr 


- 0.0540 


g CCU ads 
gC 


Mass of CCU Adsorbed 


m ads — | 

f 0.0667 mol CCU 

1.98 mol 0.001 mol CCU 

1.98 mol | 

i mol 

mol 

; 


T54gCCU \ 
v mol CCU / 


= 20.0 g CCU adsorbed 


Mass of Carbon Required 


m c = 


20.0 g CCU ads 
0.0540 g CCU ads/gC 


370 g carbon ! 


More activated carbon than this would be put into the container, for several reasons. First, since 
the rate of adsorption approaches zero as the adsorbent approaches saturation, it would take an 
infinite amount of time for the mole fraction of CCU in the gas phase to reach 0.001. If more carbon 
is present, the target mole fraction would be reached in a finite amount of time (before the carbon 
becomes saturated). Second, the Langmuir isotherm is an approximate correlation with parameters 
obtained by fitting scattered experimental data, and so the estimated adsorption capacity of the 
adsorbent (X*) could be too high. Third, we have assumed that nothing but CCU is adsorbed on the 
carbon. If any oxygen, nitrogen, or other species that may be present in the gas is adsorbed, it could 
lower the amount of carbon tetrachloride adsorbed. _ 


In this section we have assumed that the adsorption isotherm of an adsorbate is unaffected 
by the presence of constituents other than the adsorbate in the fluid mixture. If such ideality 
is assumed for the Langmuir isotherm developed in the previous example, you could use the 
derived expression for any gaseous system containing carbon tetrachloride and the same ac¬ 
tivated carbon. In reality, however, the presence of other solutes that have an affinity for the 
carbon surface alters the CCI 4 equilibrium behavior. An accurate system representation would 
require data or models for the complete multicomponent mixture. 
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1. What is the difference between adsorption and absorption? 

2. What is the difference between an adsorbate and an adsorbent? 

3. Why is it possible to use either molar concentration or partial pressure as the independent 
variable in the Langmuir isotherm without changing the form of the expression? 

4. An air-purifying respirator 6 —often incorrectly called a gas mask—is a device that allows 
its wearer to breathe in an environment that contains low levels of a toxic substance. The 
inspired air passes through a filter containing an adsorbent such as activated carbon. Give 
a brief explanation of how the device works. How would using a nonactivated carbon 
affect the performance of the respirator? 


Two phases in contact with each other are said to be in equilibrium when the temperature, pres¬ 
sure, composition, and all other variables that characterize each phase do not change with time. 
Many chemical process operations—particularly separation processes such as distillation, ab¬ 
sorption, crystallization, liquid extraction, and adsorption—work by distributing mixture com¬ 
ponents between two phases and then separating the phases. An essential step in analyzing such 
processes is determining how the feed mixture components distribute themselves between the 
two phases at equilibrium. This chapter summarizes common procedures for making this de¬ 
termination. 

• The phase diagram of a pure species is a plot of pressure versus temperature that shows 
regions where the species exists as a solid, a liquid, or a gas; curves that bound these regions 
where pairs of phases can coexist in equilibrium; and a point (the triple point) where ail three 
phases can coexist. 

• The temperature coordinate of a point on the vapor-liquid equilibrium curve (the curve sep¬ 
arating the liquid and vapor regions on a phase diagram) is the boiling point of the species at 
the corresponding pressure, and the pressure coordinate is the vapor pressure of the species 
at the corresponding temperature. The normal boiling point is the boiling point at P = 1 
atm. Normal boiling points (and normal melting points) of selected species can be found 
in Table B.l. Vapor pressures at specified temperatures can be estimated using the Antoine 
equation (Table B.4), the Cox chart (Figure 6;l-4), and Table B.3 for water. 

• The vapor pressure of a species is a measure of its volatility, or tendency to vaporize. Heat¬ 
ing a liquid mixture tends to form a vapor enriched in more volatile components (those with 
higher vapor pressures) and to leave the residual liquid enriched in components with lower 
volatility. The separation process distillation is based on this principle. Similarly, if a gas mix¬ 
ture contains one or more components with relatively low volatilities, cooling the mixture in 
a condensation operation can be used to recover a liquid enriched in these components. 

• The Gibbs phase rule gives the degrees of freedom of a multiphase system in equilibrium, or 
the number of intensive (size-independent) system variables that must be specified before 
the others can be determined. 

• For a gas at temperature T and pressure P containing a single condensable vapor A with 
mole fraction y A and vapor pressure p* A (T), Raoult’s law [y A P = p* A (T)] provides the basis 
for a number of definitions. If Raoult’s law is satisfied, the vapor is saturated (or equivalently, 
the gas is saturated with A); if y A P < p A (T), the vapor is superheated. If A is saturated and 
either the temperature is decreased or the pressure is increased, A will begin to condense. If 
liquid A is in contact with a gas phase and the system is at equilibrium, the A vapor in the 
gas must be saturated. 

• If a gas containing a single superheated vapor A is cooled at constant pressure, the tempera¬ 
ture at which the vapor becomes saturated is the dew point of the gas. The dew point may be 
determined from Raoult’s law, y A P = p A (T dp ). The degrees of superheat is the difference 

6 For a concise discussion of both air-purifying and atmosphere-supplying respirators, see N. I. Sax and R. J. Lewis, 
Sr„ Hazardous Chemicals Desk Reference, Van Nostrand Reinhold, New York, 1987, pp. 22-42. 
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between the actual temperature and the dew point of the gas. The relative saturation of 
the gas (or relative humidity for an air-water system) is the ratio of the partial pressure 
of the vapor to the vapor pressure at the system temperature, expressed as a percentage: 
[y A P/p^(T)] X 100%. If you are given the temperature, pressure, and either the dew point, 
the degrees of superheat, the relative saturation, or a related quantity (molal or absolute 
or percentage saturation), you can use Raoult’s law to calculate the mole fraction of A in 
the gas. 

• If pure liquid A is placed in an open container at pressure P and a temperature for which 
p* A (T) < P and p A (T) > p A , the liquid evaporates: molecules of A transfer from the liquid 
surface to the surrounding gas. If the container is heated to a temperature such that p* A (T ) = 
P, the liquid boils: vapor bubbles form at the heated surface and rise through the liquid into 
the surrounding gas. The liquid temperature remains constant as boiling continues. 

• If the volatile components of a liquid mixture are all structurally similar compounds (e.g., 
all paraffins), the general form of Raoult’s law may be a good approximation for all species: 
y;P = Xip*(T), where x, and y, are the mole fractions of species i in the liquid and gas phases, 
respectively. If the liquid is nearly pure A (x A = 1), Raoult’s law might apply only to species A. 

• In the separation process absorption, a gas mixture contacts a liquid solvent and one or more 
mixture components dissolve in the solvent. If a liquid solution contains only small amounts 
of a dissolved solute, A (x A * 0), Henry’s law may apply to A: y A P = x A H A (T ), where H A 
is the Henry’s law constant. 

• An ideal liquid solution is one for which all volatile components are distributed between 
liquid and gas phases at equilibrium according to either Raoult’s law or Henry’s law. 

• The bubble-point temperature of a liquid mixture is the temperature at which the first va¬ 
por bubble forms if the mixture is heated at constant pressure. Contrary to what many stu¬ 
dents mistakenly assume, the bubble point is not the boiling temperature of the most volatile 
species in the liquid; it is always higher than this temperature for an ideal liquid solution. The 
dew-point temperature of a vapor mixture is the temperature at which the first liquid droplet 
forms if the mixture is cooled at constant pressure. If Raoult’s law applies to all species, ei¬ 
ther of these temperatures can be determined by trial and error using Equation 6.4-4 (for 
the bubble point) or Equation 6.4-7 (for the dew point). 

• If a liquid mixture is heated above its bubble point, the vapor generated is rich in the more 
volatile mixture components. As vaporization continues, the system temperature steadily 
increases (unlike the case for a single-component system, in which T remains constant). 
Similarly, if a vapor mixture is cooled below its dew point, the liquid that condenses is rich 
in the less volatile components and the temperature progressively decreases. 

• The solubility of a solid (the solute) in a liquid (the solvent) is the maximum amount of that 
solute that can dissolve in a specified amount of the liquid at equilibrium. A solution that 
contains all the dissolved solute it can hold is saturated with that solute. If additional solute 
is added, it will not dissolve unless the temperature is changed in a way that increases the 
solubility. 

• In the separation process crystallization, a solution of a solute is cooled below its saturation 
temperature, causing solid crystals of solute to form; alternatively, solvent may be evaporated 
to cause solute crystallization. For aqueous solutions of some solutes in certain temperature 
ranges, the crystals that form are hydrated salts, containing water of hydration molecules 
bonded to solute molecules in specific ratios. For example, if magnesium sulfate crystallizes 
at a temperature above 100°C, the crystals contain anhydrous (water-free) MgS0 4 , while if 
the crystallization takes place between 48°C and 67°C, the crystals consist of MgSO^^O 
(magnesium sulfate hexahydrate). 

• Provided that the solute in a solution is nonvolatile and does not react with the solvent, the 
vapor pressure of the solution at a given temperature is lower than that of the pure solvent, 
the boiling point at a given pressure is higher, and the freezing point at a given pressure is 
lower. Vapor pressure lowering, boiling point elevation, and freezing point depression are 
examples of colligative solution properties; formulas for them are given in Section 6.5c. 
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Interactive 
Tutorial #4 

Questions with 
Immediate Feedback — 

PROBLEMS 

6 . 1 . 


6 . 2 . 


6.3. 


• Liquid extraction is a separation process in which a liquid feed solution is combined with a 
second solvent that is immiscible or nearly immiscible with the feed solvent, causing some 
(and ideally most) of the solute to transfer to the phase containing the second solvent. The 
distribution coefficient is the ratio of the solute mass fractions in the two phases at equilib¬ 
rium. Its value determines how much solvent must be added to the feed solution to achieve 
a specified solute transfer. When the two solvents are partially miscible, a triangular phase 
diagram like that in Figure 6.6-1 simplifies balance calculations on extraction processes. 

• Adsorption is a process in which a species in a fluid (liquid or gas) mixture adheres to the 
surface of a solid with which the fluid is in contact. (This process should not be confused with 
absorption, in which a component of a gas mixture dissolves in a liquid solvent.) The solid is 
the adsorbent, and the species that adheres to the surface is the adsorbate. Good adsorbents 
such as activated carbon have extremely high specific surface areas (m 2 surface/g solid), en¬ 
abling small quantities of adsorbent to remove large quantities of adsorbate from fluid mix¬ 
tures. An adsorption isotherm is a plot or equation that relates the equilibrium amount of 
an adsorbate held by a given mass of adsorbent to the adsorbate partial pressure or concen¬ 
tration in the surrounding gas at a specified temperature. 

• Material balance calculations on separation processes follow the same procedures used in 
Chapters 4 and 5. If the product streams leaving a unit include two phases in equilibrium, an 
equilibrium relationship for each species distributed between the phases should be counted 
in the degree-of-freedom analysis and included in the calculations. If a species is distributed 
between gas and liquid phases (as in distillation, absorption, and condensation), use tabu¬ 
lated vapor-liquid equilibrium data, Raoult’s law, or Henry’s law. If a solid solute is in equilib¬ 
rium with a liquid solution, use tabulated solubility data. If a solute is distributed between two 
immiscible liquid phases, use a tabulated distribution coefficient or equilibrium data. If an 
adsorbate is distributed between a solid surface and a gas phase, use an adsorption isotherm. 

Note: This would be a good time to work through Interactive Tutorial #4. 


Unless otherwise instructed, use physical property data in this text when solving these problems. 
Ten mL of pure liquid water in a cylinder with a movable piston is heated at a constant pressure 
of 1 atm from an initial temperature of 80°C. The temperature of the system is monitored, and the 
following behavior is observed: 



Time 


(a) What is happening in steps AB, BC, and CD? What is the temperature corresponding to the 
horizontal portion of the curve? 

(b) Estimate the volume occupied by the water at points B and C. (Assume the vapor follows the 
ideal gas equation of state.) 

A quantity of liquid chloroform is placed in an open, transparent, three-liter flask and boiled long 
enough to purge all air from the vapor space. The flask is then sealed and allowed to equilibrate at 
30°C, at which temperature chloroform has a vapor pressure of 243 mm Hg. Visual inspection shows 
10 mL of liquid chloroform present. 

(a) What is the pressure in the flask at equilibrium? Explain your reasoning. 

(b) What is the total mass (grams) of chloroform in the flask? What fraction is in the vapor phase 
at equilibrium? 

Ethyl acetate has a vapor pressure of 118.3 mm Hg at 29.5°C and a normal boiling point of 77.0°C. 
Estimate the vapor pressure at 45°C using (a) the Antoine equation and constants from Table B.4; 
(b) the Clausius-Clapeyron equation and the two given data points; and (c) linear interpolation 
between the two given points. Taking the first estimate to be correct, calculate the percentage error 
associated with the second and third estimates. 
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6.4. The vapor pressure of ethylene glycol at several temperatures is given below: 


7TC) 

79.7 

105.8 

120.0 

141.8 

178.5 

197.3 

p*(mm Hg) 

5.0 

20.0 

40.0 

100.0 

400.0 

760.0 


Use a semilog plot based on the Clausius-Clapeyron equation to derive an equation for p'(mm Hg) 
as a function of T (°C). From the plot, estimate the heat of vaporization of ethylene glycol in kJ/mol. 
(Remember to use absolute temperatures in the Clausius-Clapeyron equation.) 

*6.5. You are given vapor pressure data in the form of [ T (°C). p“ (mm Hg)] pairs. Construct a spreadsheet 
or write a computer program to perform the following tasks: 

(a) Read in T x ,p\, T z , pj,..., T s , p' N . 

(b) Fit the Clausius-Clapeyron equation to the data using the method of least squares (Appendix 
A.1) or a fitting routine embedded in the spreadsheet. In completing this task you should find 
the values of a and b in the formula y = ax + b, where v = In p* and x = 1 f{T + 273.2). Print 
out the values of a and b. 

Test your program by fitting the data for ethylene glycol given in Problem 6.4. Then use your formula 
to estimate the vapor pressures of this substance at 50°C, 80°C, and 110°C, and the boiling points at 
760 mm Hg and 2000 mm Hg. In which of the last two values would you have the least confidence? 
Explain your reasoning. 

6.6. The apparatus shown here is used to measure the vapor pressure of ethylene diamine. 



bath 

The system is loaded with pure ethylene diamine and the bath is adjusted to each of several 
known temperatures. The following readings are taken on a day when the atmospheric pressure is 
758.9 mm Hg: 


T (°C) 

Mercury Level 

Right Arm (mm) 

Left Arm (mm) 

42.7 

138 

862 

58.9 

160 

840 

68.3 

182 

818 

77.9 

213 

787 

88.6 

262 

738 

98.3 

323 

677 

105.8 

383 

617 


‘Computer problem. 
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(a) Calculate p * for ethylene diamine at each temperature. 

(b) Use a semilog plot of p‘ versus 1/ T to estimate the normal boiling point and the heat of vapor¬ 
ization of ethylene diamine. 

(c) Does the Clausius-Clapeyron equation appear to be justified for ethylene diamine in the tem¬ 
perature range covered by the data? Explain. 

6.7. Estimate the vapor pressure of acetone (mm Hg) at 50°C (a) from data in Perry’s Chemical Engi¬ 
neers’ Handbook and the Clausius-Clapeyron equation, (b) from the Cox chart (Figure 6.1-4), and 
(c) from the Antoine equation using parameters from Table B.4. 

6.8. The vapor pressure of an organic solvent is 50 mm Hg at 25°C and 200 nun Hg at 45°C. The solvent is 
the only species in a closed flask at 35°C and is present in both liquid and vapor states. The volume 
of gas above the liquid is 150 mL. Estimate the amount of the solvent (mol) contained in the gas 
phase. 
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6.9. Liquid methyl ethyl ketone (MEK) is introduced into a vessel containing air. The system tempera¬ 
ture is increased to 55°C, and the vessel contents reach equilibrium with some MEK remaining in 
the liquid state. The equilibrium pressure is 1200 mm Hg. 

(a) Use the Gibbs phase rule to determine how many degrees of freedom exist for the system at 
equilibrium. State the meaning of your result in your own words. 

(b) Mixtures of MEK vapor and air that contain between 1.8 mole% MEK and 11.5 mole% MEK 
can ignite and bum explosively if exposed to a flame or spark. Determine whether or not the 
given vessel constitutes an explosion hazard. 

6.10. When a flammable liquid (such as gasoline or charcoal lighter fluid) ignites, it is not the liquid itself 
that burns: what actually happens is that the liquid vaporizes and the resulting air-vapor mixture 
burns. If the temperature is such that the percentage of the vapor in the mixture is below a certain 
level (the lower flammable limit), the liquid will not ignite if exposed to a spark or other ignition 
source. A match may bum in the mixture, but the flame will not spread. 

(a) The flash point of a liquid is the lowest temperature at which the liquid vaporizes sufficiently to 
form an ignitable mixture with air. For example, the flash point of octane at 1 atm is 13°C (55°F), 
which means that dropping a match into an open container of octane is likely to start a fire on a 
warm summer day but not on a cold winter day. (Please do not try it!) 

Suppose you are keeping two solvents in your laboratory—one with a flash point of 15°C 
and the other with a flash point of 75°C. How do these solvents differ from the standpoint of 
safety? How might you treat them differently? 

(b) The lower flammable limit (LFL) of methanol in air is 6.0 mole%. Calculate the temperature at 
which the equilibrium percentage of methanol vapor in a saturated methanol-air mixture would 
equal the LFL. (This temperature is a rough estimate of the flash point.) 

(c) Suppose an open container of methanol is kept at a temperature beiow the temperature calcu¬ 
lated in part (b). Why would it still be unsafe to expose the container to a flame? 

6.11. A gas mixture contains 10.0 mole% H20(v) and 90.0 mole% Nj. The gas temperature and absolute 
pressure at the start of each of the three parts of this problem are 50°C and 500 mm Hg. Ideal gas 
behavior may be assumed in every part of this problem. 

(a) If some of the gas mixture is put in a cylinder and slowly cooled at constant pressure, at what 
temperature would the first drop of liquid form? 

(b) If a 30.0-liter flask is filled with some of the gas mixture and sealed and the water vapor in the 
flask is completely condensed, what volume (cm 3 ) would be occupied by the liquid water? 

(c) If the gas mixture is stored in a rigid-walled cylinder and a low-pressure weather front moves 
in and the barometric (atmospheric) pressure drops, which of the following would change: (i) 
the gas density, (ii) the absolute pressure of the gas, (iii) the partial pressure of water in the gas, 
(iv) the gauge pressure of the gas, (v) the mole fraction of water in the gas, (vi) the dew-point 
temperature of the mixture? 


6.12. Pure chlorobenzene is contained in a flask attached to an open-end mercury manometer. When the 
flask contents are at 58.3°C, the height of the mercury in the arm of the manometer connected to the 
flask is 747 mm and that in the arm open to the atmosphere is 52 mm. At 110°C, the mercury level 
is 577 mm in the arm connected to the flask and 222 mm in the other arm. Atmospheric pressure is 
755 mm Hg. 

(a) Extrapolate the data using the Clausius-Clapeyron equation to estimate the vapor pressure of 
chlorobenzene at 130°C. 
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(b) Air saturated with chlorobenzene at 130°C and 101.3 kPa is cooled to 58.3°C at constant pres¬ 
sure. Estimate the percentage of the chlorobenzene originally in the vapor that condenses. (See 
Example 6.3-2.) 

(c) Summarize the assumptions you made in doing the calculation of part (b). 

6.13. The latest weather report includes the following statement: “The temperature is 78°F, barometric 
pressure is 29.9 inches, and the relative humidity is 87%.“ From this information, estimate the mole 
fraction of water in the air and the dew point (°F), molal humidity, absolute humidity, and percentage 
humidity of the air. 

6.14. It has been suggested that Atlanta-Fulton County Stadium earned the nickname “The Launching 
Pad” because baseballs carried farther than normal in the region’s hot, humid atmosphere. With this 
suggestion in mind, examine the effect of temperature and humidity on the buoyant force exerted 
on a baseball by calculating the density (g/L) of air at the following conditions and a pressure of 1 
atm: 


Condition 

Temperature (°F) 

Relative Humidity 

I 

70 

50% 

II 

70 

80% 

III 

90 

80% 


Explain why your results make sense. Then argue for or against the suggestion in the first sentence. 

6.15. Air at 50% relative humidity is cooled isobarically at 1 atm absolute from 90°C to 25°C. 

(a) Estimate the dew point and degrees of superheat of the air at 90°C. 

(b) How much water condenses (mol) per cubic meter of feed gas? (See Example 6.3-2.) 

(c) Suppose a sample of the 90°C air is put in a closed variable-volume chamber containing a mirror 
and the pressure is raised at constant temperature until a mist forms on the mirror. At what 
pressure (atm) would the mist form? (Assume ideal gas behavior.) 

6.16. In a device to produce potable water, humid air at 90°F, 29.7 in Hg, and 95% relative humidity is 

cooled to 40°F at constant pressure. What volumetric flow rate of air into the cooler (ft 3 /min) is 

required to provide 10.0 gal/min of condensed water? 

6.17. Air containing 20.0 mole% water vapor at an initial pressure of 1 atm absolute is cooled in a 

1-liter sealed vessel from 200°C to 15°C. 

(a) What is the pressure in the vessel at the end of the process? (Hint: The partial pressure of air in 
the system can be determined from the expression p air = n^RT/V and P = p ai , + /> Hl o- You 
may neglect the volume of the liquid water condensed, but you must show that condensation 
occurs.) 

(b) What is the mole fraction of water in the gas phase at the end of the process? 

(c) How much water (grams) condenses? 
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Air at 90°C and 1.00 atm (absolute) contains 10.0 moie% water. A continuous stream of this air 
enters a compressor-condenser, in which the temperature is lowered to 15.6°C and the pressure is 
raised to 3.00 atm. The air leaving the condenser is then heated isobarically to 100°C. Calculate the 
fraction of water that is condensed from the air, the relative humidity of the air at 100° C, and the 
ratio m 3 outlet air at 100°C/m 3 feed air at 90°C. 

Dry air is bubbled through 25.0 liters of water at a rate of 15.0 liters (STP)/min. The air leaving 
the liquid is saturated with water at 25°C and 1.5 atm. How long will it take for all of the water to 
vaporize? 


6.20. A storage tank for liquid n-octane has a diameter of 30 ft and a height of 20 ft. During a typical 
24-h period the level of liquid octane falls from 18 ft to 8 ft, after which fresh octane is pumped into 
the tank to return the level to 18 ft. As the level in the tank falls, nitrogen is fed into the free space 
to maintain the pressure at 16 psia; when the tank is being refilled, the pressure is maintained at 
16 psia by discharging gas from the vapor space to the environment. The nitrogen in the tank may 
be considered saturated with octane vapor at all times. The average tank temperature is 90°F. 

(a) What is the daily rate, in gallons and lb™, at which octane is used? 

(b) What is the variation in absolute pressure at the bottom of the tank in inches of mercury? 

(c) How much octane is lost to the environment during a 24-h period? 

(d) Why is nitrogen used in the vapor space of the tank when air would be cheaper? 
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6.21. A 1000-gallon tank currently contains 100.0 gallons of liquid toluene and a gas saturated with toluene 
vapor at 85°F and 1 atm. 

(a) What quantity of toluene (lb m ) will enter the atmosphere when the tank is filled and the gas 
displaced? 

(b) Suppose that 90% of the displaced toluene is to be recovered by compressing the displaced gas 
to a total pressure of 5 atm and then cooling it isobarically to a temperature T(°F). Calculate T. 

6.22. A gas mixture containing 85.0 mole% N 2 and the balance n-hexane flows through a pipe at a rate of 
100.0 m 3 /h. The pressure is 2.00 atm absolute and the temperature is 100°C. 

(a) What is the molar flow rate of the gas in kmol/h? 

(b) Is the gas saturated? If not, to what temperature (°C) would it have to be cooled at constant 
pressure in order to begin condensing hexane? 

(c) To what temperature (°C) would the gas have to be cooled at constant pressure in order to 
condense 80% of the hexane? 

6.23. Solids soaked with liquid hexane are dried by being contacted with nitrogen at an elevated temper¬ 
ature. The gas stream leaving the dryer is at 80°C, 1 atm absolute, and 50% relative saturation. 

(a) One of several possibilities for recovering the hexane from the gas is to send the stream to a 

cooling condenser. The gas stream leaving the condenser would contain 5,00 mole% hexane, 
and hexane condensate would be recovered at a rate of 1.50 kmol/min. The condenser would be 
operated at a pressure of 1 atm absolute. 



Dry solids 1.5 kmoi CgH^dl/min 


Calculate the temperature to which the gas must be cooled and the required flow rate of fresh 
nitrogen to the dryer in standard cubic meters per minute (SCMM). 

(b) In an alternative arrangement, the gas leaving the dryer would be compressed to 10.0 atm 
and the temperature would simultaneously be increased so that the relative saturation remains 
at 50%. The gas then would be cooled at constant pressure to produce a stream containing 
5.00 mole% hexane. Calculate the final gas temperature and the ratio of volumetric flow rates 
of the gas streams leaving and entering the condenser. State any assumptions you make. 

(c) What would you need to know to determine which of processes (a) and (b) is more cost- 
effective? 

6.24. A 20,000-liter storage tank was taken out of service to repair and reattach a feed line damaged in a 
collision with a tanker. The tank was drained and then opened several days later for a welder to enter 
and perform the required work. No one realized, however, that 15 liters of liquid nonane (C 9 H 20 ) 
remained in a collection sump at the bottom of the tank after the draining had been completed. 

(a) Nonane has a lower explosion limit of 0.80 mole% and an upper explosion limit of 2.9 mole % 7 
(i.e., nonane-air mixtures at 1 atm can explode when exposed to a spark or flame if the nonane 
mole fraction is between the two given values). Assume any liquid nonane that evaporates 
spreads uniformly throughout the tank. Is it possible for the average gas-phase composition in 
the tank to be within the explosion limits at any time? Even when the average composition falls 
outside those limits, why is an explosion still a possibility? (Hint: Think about that assumption.) 

(b) Nonane has a vapor pressure of 5.00 mm Hg at 25.8°C and 40.0 mm Hg at 66.0°C. Use the 
Clausius-Clapeyron equation (6.1-3) to derive an expression for p'(T). Then calculate the tem¬ 
perature at which the system would have to equilibrate in order for the gas in the tank to be at 
the lower explosion limit. 

(c) Fortunately, a safety inspector examined the system before the welder began work and imme¬ 
diately canceled the work order. The welder was cited and fined for violating established safety 


7 N. I. Sax and R. J. Lewis, Hazardous Chemicals Desk Reference, Van Nostrand Reinhold, New York, 1987, 
p. 681. 
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procedures. One requirement was for the tank to be purged thoroughly with steam after being 
drained. What is the purpose of this requirement? (Why purge, and why with steam rather than 
air?) What other precautions should be taken to be sure that the welder is in no danger? 

6.25. An adult takes roughly 12 breaths each minute, inhaling approximately 500 mL with each breath. 
Oxygen and carbon dioxide are exchanged in the lungs. The amount of nitrogen exhaled equals 
the amount inhaled, and the mole fraction of nitrogen in the exhaled air is 0.75. The exhaled air is 
saturated with water vapor at body temperature, 37°C. Estimate the increase in the rate of water 
loss (g/day) when a person breathing air at 23°C and a relative humidity of 50% enters an airplane 
in which the temperature is also 23°C but the relative humidity is 10%. 

6.26. Recovering and reusing organic solvents (rather than discharging the solvents in waste streams) is an 
important part of the operation of most chemical plants. The magnitude of these recovery efforts can 
be staggering: in recent years the Eastman Chemical Company used 3.6 billion pounds of solvents 
and recovered 3.5 billion pounds (97%). Eastman’s installation of a $26 million acetone-recovery 
system reduced acetone emissions by 50% in the division that had been responsible for most of these 
emissions. 8 

In an acetone-recovery process, a gas stream containing 20.0 mole% acetone and the remainder 
nitrogen leaves a chemical plant at 90° C and 1 atm. The stream is cooled at constant pressure in 
a condenser, enabling some of the acetone vapor to be recovered as a liquid. The nitrogen and 
uncondensed acetone are discharged to the atmosphere. 

(a) Give two major benefits of recovering the acetone. 

(b) Two cooling fluids are available—cooling-tower water at 20°C and a refrigerant at -35°C. 
For each fluid, calculate the percentage acetone recovery [(mol acetone condensed/mol ace¬ 
tone fed to condenser) x 100%J, assuming that the condenser temperature equals the coolant 
temperature. 

(c) What more would you need to know to decide which coolant to use? 

(d) In a real system, the condenser temperature could never be as low as the initial cooling fluid 
temperature. Why not? {Hint: In a condenser, heat is transferred from the process fluid to the 
cooling fluid.) Explain how this fact would affect the percentage solvent recovery. 

6.27. On a hot summer day the temperature is 35°C, barometric pressure is 103 kPa, and the relative 
humidity is 90%. An air conditioner draws in outside air, cools it to 20°C, and delivers it at a rate of 
12,500 L/h. Calculate the rate of moisture condensation (kg/h) and the volumetric flow rate of the 
air drawn from the outside. 

6.28. An air conditioner is designed to bring 10,000 ft 3 /min of outside air (90°F, 29.8 in Hg, 88% relative hu¬ 
midity) to 40°F, thereby condensing a portion of the water vapor, and then to reheat the air, releasing 
it into a room at 65°F. Calculate the rate of condensation (gallons H20/min) and the volumetric flow 
rate of the air delivered to the room. ( Suggestion: On the flowchart, treat the cooling-condensation 
and the reheating as separate process steps.) 

6.29. The air in a building is to be maintained at 25°C and 55% relative humidity by passing outside air 
through a water spray. The air enters the spray chamber at 32°C and 70% relative humidity, leaves 
the chamber cooled and saturated with water vapor, and is then reheated to 25°C. Estimate the 
temperature of the air leaving the spray chamber and the water (kg) added to or removed from 
(specify which) each kilogram of dry air processed. 

6.30. A hygrometer is used to measure the moisture content of humid air. Calibration of the instrument 
leads to a straight line on a semilog plot of y, the mole fraction of water in air (logarithmic scale), 
versus H, the instrument reading (linear scale). 

Room air is charged into the hygrometer sample chamber on a day when the temperature is 
22°C, barometric pressure is 1.00 atm, and the relative humidity is 40%. The resulting meter reading 
is H = 5.0. A second measurement is then made by heating water to 50°C in a sealed flask containing 
air. The system is allowed to equilibrate at a pressure of 839 mm Hg with liquid still present in the 
flask, and a sample of the air above the liquid is withdrawn and injected into the sample chamber 
(which is heated to prevent condensation). The meter reading in this case is H = 48. 


®A Pollution Prevention Report from the Chemical Manufacturers Association, A Chemical Industry Progress 
Report (1988-1992), Responsible Care—A Public Commitment. 
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(a) Determine the expression for y as a function of H. 

(b) Suppose you wish to condition air at 35°C and 1 atm to produce air at 22°C, 1 atm, and 40% 
relative humidity. The air conditioner first cools the air, condensing the necessary amount of 
water, and then reheats the remaining air to 22°C. A sample of the outside air is injected into the 
hygrometer chamber, and the resulting reading is H = 30. Calculate the temperature to which 
the air must be cooled before it is reheated and determine the amount of water condensed in 
kg/m 3 of delivered conditioned air. 

Recovery of a solvent vapor from a gas stream by condensation can be achieved by cooling the gas, 
by compressing it, or by a combination of these operations. The greater the compression, the less 
cooling is needed. 

(a) A gas mixture at a pressure P Q and temperature To is the feed to a recovery process. A single 
condensable vapor and several noncondensable gases are present in the mixture, giving the feed 
a dew point of 7 jo. A fraction / of the vapor is to be condensed. The vapor pressure p*(T) of 
the condensable component may be expressed as a function of temperature with the Antoine 
equation. For a gas feed rate of n 0 , draw and label a flowchart. Then derive the following rela¬ 
tionship for the final condenser pressure in terms of the final temperature 7 f and the specified 
feed conditions and fractional solvent recovery: 

P = P ‘(frJt 1 ~ 
f (i -/)p*(r d0 )//’o 

(b) The cost of refrigeration equipment and the compressor can be estimated using the empirical 
formulas 9 

C refr ($/kmol feed gas) = 2000 + 27(A7) 2 
Qomp($/kmol feed gas) = 4500 + 5.58(AP) 

where A7(°C) = 7f — Tq and Af(mm Hg) — Pf — P 0 . Your task is to prepare a spread¬ 
sheet to estimate the operating cost of a process in which ethylbenzene is recovered from an 
ethylbenzene-nitrogen gas mixture. The spreadsheet should have the following form: 


Condensation of ethylbenzene from nitrogen 












Ante 

ne constants for ethylbenzene 






A = 

6.95719 











n 

CQ 

1424.26 











c = 

213.206 











Run 

To 

Po 

Tdo 

/ 

7 f 

P*(T < B ) 

P*(Tt) 

Pt 

Crefr 

Ccomp 

C m 













1 

50 

765 

40 

0.95 

45 

21.493 

27.62 

19137 

2675 

107013 

109688 

2 

50 

765 

40 

0.95 

40 







3 

50 

765 

40 

0.95 

35 







4 

50 

765 

40 

0.95 

45 








Enter the values in the first six columns of the first row of the 12-column table (1, 50,..., 45) 
and enter formulas in the next six columns (including C, ot = C refr + C^). 


*Computer problem. 

9 These formulas are fictitious. Real cost-estimation formulas can be found in a number of texts including M. S. 
Peters and K. D. Ttmmerhaus, Plant Design and Economics for Chemical Engineers, 4th Edition, McGraw-Hill, 
New York, 1991; W. D. Seider, J. D. Seader, and D. R. Lewin, Process Design Principles , John Wiley & Sons, New 
York, 1999; and G. D. Ulrich, A Guide to Chemical Engineering Process Design and Economics, John Wiley & 
Sons, New York, 1984. 
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The row shown above for Run 1 contains results for a feed gas at 50°C and 765 mm Hg 
with a dew point of 40°C, from which 95% of the ethylbenzene is to be recovered by cooling the 
mixture to 45°C. The output shows that the mixture must be compressed to 19,137 mm Hg to 
achieve the desired recovery, and that the costs of refrigeration and compression and the total 
cost ($/kmol feed gas) are, respectively, $2675, $107,013, and $109,688. 

When you have constructed the spreadsheet and duplicated the results just described for 
Run 1, (i) copy that row into the next three rows and change the values in the first six columns to 
duplicate those shown above; (ii) let Runs 2 and 3 stand; and (iii) in Run 4, vary the value of Ff 
to find the most cost-effective final temperature and pressure for the given feed conditions and 
fractional recovery, noting what happens to Pf, C re f„ C CDrnp , and C (0 , as you carry out your 
search. 

(c) Use the results for Runs 1-3 to deduce the effect of lowering the final temperature on the pres¬ 
sure required to achieve a specified fractional recovery of ethylbenzene. Explain why this result 
makes sense. 

(d) Summarize the effect of T f on the refrigeration and compression costs and explain why the total 
cost has a minimum. 

6.32. A gas stream containing 40.0 mole% hydrogen, 35.0% carbon monoxide, 20.0% carbon dioxide, and 
5.0% methane is cooled from 1000°C to 10°C at a constant absolute pressure of 35.0 atm. Gas enters 
the cooler at 120 m 3 /min and upon leaving the cooler is fed to an absorber, where it is contacted 
with refrigerated liquid methanol. The methanol is fed to the absorber at a molar flow rate 1.2 times 
that of the inlet gas and absorbs essentially all of the CO?, 98% of the methane, and none of the 
other components of the feed gas. The gas leaving the absorber, which is saturated with methanol at 
- 12°C, is fed to a cross-country pipeline. 

(a) Calculate the volumetric flow rate of methanol entering the absorber (nrVmtn) and the molar 
flow rate of methanol in the gas leaving the absorber. Do not assume ideal gas behavior when 
doing PVT calculations. 

(b) What is a possible intended use of the product gas? Why is it desirable to remove the CO? from 
the gas prior to feeding it to the pipeline? 

633, A hot-air dryer is used to reduce the moisture content of 1500 kg/min of wet wood pulp from 
0.75 kg H?0/kg dry pulp to 0.15 wt% H 2 0. Air is drawn from the atmosphere at 28°C, 760 mm 
Hg, and 50% relative humidity, sent through a blower-heater, and then fed to the dryer. The air 
leaves the dryer at 80°C and 10 mm Hg (gauge). A sample of the exit air is drawn into a chamber 
containing a mirror and cooled slowly, keeping the gauge pressure at 10 mm Hg. A mist is observed 
to form on the mirror at a temperature of 40.0°C. Calculate the mass of water removed from the 
pulp (kg/min) and the volumetric flow rate of air entering the system (m 3 /min). 

6.34. Wet leather containing 61 % water enters a continuous tunnel dryer and leaves at a rate of 485 lb m /h 
containing 6.0% water. Dry air enters the dryer at 140°F and 1 atm, and the outlet air is at 130°F and 
1 atm with a relative humidity of 50%. Calculate the rate at which wet leather enters the dryer and 
the volumetric flow rate of the inlet air (ft 3 /h). 

635. n-Hexane is used to extract oil from soybeans. The solid residue from the extraction unit, which 
contains 0.78 kg liquid hexane/kg dry solids, is contacted in a dryer with nitrogen that enters at 
85°C. The solids leave the dryer containing 0.05 kg liquid hexane/kg dry solids, and the gas leaves 
the dryer at 80°C and 1.0 atm with a relative saturation of 70%. The gas is then fed to a condenser in 
which it is compressed to 5.0 atm and cooled to 28°C, enabling some of the hexane to be recovered 
as condensate. 

(a) Calculate the fractional recovery of hexane (kg condensed/kg fed in wet solids). 

(b) A proposal has been made to split the gas stream leaving the condenser, combining 90% of it 
with fresh makeup nitrogen, heating the combined stream to 85°C, and recycling the heated 
stream to the dryer inlet. What fraction of the fresh nitrogen required in the process of part (a) 
would be saved by introducing the recycle? What costs would be incurred by introducing the 
recycle? 

636. In the final stage of the manufacturing process for a solid organic product, the product is cleaned 
with liquid toluene and then dried in a process whose flowchart is shown on the next page. 10 


10 Adapted from Professional Engineering Examinations , Vol. 1 (1965—1971), National Council of Engineering 
Examiners, p. 60. 
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The wet product enters the dryer at a rate of 300 lb m /h containing 0.200 lb m toluene/lb m dry 
solids. A stream of nitrogen at 200°F, 1.2 atm, and containing a small amount of toluene vapor also 
enters the dryer. (A higher temperature would cause the product to soften and degrade.) Heat is 
transferred in the dryer from the gas to the wet solids, causing most of the toluene to evaporate. The 
final product contains 0.020 lb m toluene/lb m dry solids. Gas leaves the dryer at 150°F and 1.2 atm with 
a relative saturation of 70% and passes through a water-cooled condenser. Gas and liquid streams 
leave the condenser in equilibrium at 90°F and 1 atm. The gas is reheated to 200°F and reenters the 
dryer. 

(a) Briefly explain this process in your own words. In your explanation, include the purposes of the 
condenser and the nitrogen reheater and a likely reason that nitrogen rather than air is used 
as the recirculating gas. What do you suppose happens to the liquid toluene leaving the con¬ 
denser? 



(b) Calculate the compositions (component mole fractions) of the gas streams entering and leaving 
the dryer, the circulation rate of dry nitrogen (lb m /h), and the volumetric flowrate of gas entering 
the dryer (ft 3 /h). 

6.37. n-Hexane is burned with excess air. An analysis of the product gas yields the following dry-basis 
molar composition: 6.9% CO 2 , 2.1% CO, 0.265% C/jH^ (+ O 2 and N 2 ). The stack gas emerges at 
760 mm Hg. Calculate the percentage conversion of hexane, the percentage excess air fed to the 
burner, and the dew point of the stack gas, taking water to be the only condensable species. 

6.38. A fuel gas containing methane and ethane is burned with air in a furnace, producing a stack gas at 
300°C and 105 kPa (absolute). The stack gas contains CO 2 at a partial pressure of 80 mm Hg and no 
CO, O 2 , methane, or ethane. Calculate the mole fraction of methane in the fuel and the dew-point 
temperature of the stack gas. 

6.39. A mixture of propane and butane is burned with air. Partial analysis of the stack gas produces the fol¬ 
lowing dry-basis volume percentages: 0.0527% C 3 H 8 , 0.0527% C4H10, 1.48% CO, and 7.12% C 0 2 . 
The stack gas is at an absolute pressure of 780 mm Hg and the dew point of the gas is 46.5° C. Cal¬ 
culate the molar composition of the fuel. 

6.40. An important parameter in the design of gas absorbers is the ratio of the flow rate of the feed liquid 
to that of the feed gas. The lower the value of this ratio, the lower the cost of the solvent required 
to process a given quantity of gas but the taller the absorber must be to achieve a specified separa¬ 
tion. 

Propane is recovered from a 7 mole% propane-93% nitrogen mixture by contacting the mixture 
with liquid n-decane. An insignificant amount of decane is vaporized in the process, and 98.5% of 
the propane entering the unit is absorbed. 
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(a) The highest possible propane mole fraction in the exiting liquid would be that in equilibrium with 
the propane mole fraction in the entering gas (a condition requiring an infinitely tall column). 
Using the Cox chart (Figure 6.1-4) and Raoult’s law to relate the mole fractions of propane in 
the entering gas and exiting liquid, calculate the ratio ( h L Jn Cl ) corresponding to this limiting 
condition. 

(b) Suppose the actual feed ratio («*.,/«c 2 ) is 1.2 times the value calculated in part (a) and the 
percentage of the entering propane absorbed is the same (98.5%). Calculate the mole fraction 
of propane in the exiting liquid. 

(c) What are the costs and benefits associated with increasing (« t| /fi Gj ) from its minimum value (the 
value calculated in part (a)]? What would you have to know to determine the most cost-effective 
value of this ratio? 

6.41. A liquid stream consisting of 12.5 mole% n-butane and the balance a heavy nonvolatile hydrocarbon 
is fed to the top of a stripping column, where it is contacted with an upward-flowing stream of nitro¬ 
gen. The residual liquid leaves the bottom of the column containing all of the heavy hydrocarbon. 
5% of the butane entering the column, and a negligible amount of dissolved nitrogen. 

Product gas 



(a) The highest possible butane mole fraction in the exiting gas would be that in equilibrium with 
the butane in the entering liquid (a condition that would require an infinitely tall column to 
achieve). Using Raoult’s law to relate the mole fractions of butane in the entering liquid and 
exiting gas, calculate the molar feed stream ratio (mol gas fed/mol liquid fed) corresponding to 
this limiting condition. 
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(b) Suppose the actual mole fraction of butane in the exit gas is 80% of its theoretical maximum 
value and the percentage stripped (95%) is the same as in part (a). Calculate the ratio (mol gas 
fed/mol liquid fed) for this case. 

(c) Increasing the nitrogen feed rate for a given liquid feed rate and butane recovery decreases the 
cost of the process in one way and increases it in another. Explain. What would you have to 
know to determine the most cost-effective value of the gas/liquid feed ratio? 

6.42. Nitric acid is used extensively for the production of inorganic and organic nitrates, for metal treat¬ 
ments of various kinds, and for photoengraving. It is produced by oxidizing ammonia to nitric oxide 
over a platinum-rhodium catalyst, oxidizing the nitric oxide to nitrogen dioxide, and dissolving the 
N0 2 in water: 

4 NH 3 (g) + 5 02 (g) - 4 NO(g) + 6 H 2 0(g) 

2 NO(g) + 0 2 (g) -*• 2 N0 2 (g) 

3 N0 2 (g) + H 2 0(1) - 2 HN0 3 (aq) + NO(g) 

A side reaction that lowers the product yield is the oxidation of ammonia to nitrogen and water 
vapor: 

4 NH 3 (g) + 3 02 (g) - 2 N,(g) + 6 H 2 0(g) 

Saturated ammonia vapor, produced by vaporizing pure liquid ammonia at 820 kPa absolute, 
is mixed with a stoichiometric quantity of air, and the combined stream enters a converter. Prior 
to being mixed with the ammonia, the air is compressed and passed through a preheater. It enters 
the compressor at 30°C and 1 atm with a relative humidity of 50%, and it exchanges heat in the 
preheater with the gases emerging from the converter. The quantity of oxygen in the feed is the 
amount theoretically required to convert all of the ammonia to HN0 3 . 

In the converter, the ammonia reacts completely, with 97% forming NO and the balance form¬ 
ing N 2 . In the short time in which the reaction mixture is in the presence of the catalyst (less than 
0.001 s), a negligible amount of N0 2 is formed. The product gas is subjected to a series of cooling 
and hydration steps in which the NO is completely oxidized to N0 2 , which in turn combines with 
water (some of which is present in the product gas, the rest of which is added) to form a 55 wt% 
aqueous nitric acid solution. The NO formed in the latter reaction is reoxidized and the added N0 2 
is hydrated to form still more HN0 3 . The product gas from the process may be taken to contain only 
N 2 and 0 2 . A simplified flowchart of the process follows. 



(a) Taking a basis of 100 mol of ammonia fed to the process, calculate (i) the volume (m 3 ) of the 
ammonia vapor and of the air fed to the process, using the compressibility factor equation of 
state for the ammonia calculation; (ii) the moles and molar composition of the gas leaving the 
converter; and (iii) the required feed of liquid water (m 3 ) to the cooling and hydration step. 

(b) Scale up the results calculated in part (a) to a new basis of 1000 metric tons of 55% nitric acid 
solution produced. 

6.43. A dry gas containing 10.0% NH 3 by volume is contacted with water at 10°C and 1 atm in a single- 
stage bubble contactor. The effluent liquid and gas streams may be considered to be in equilibrium 
with each other. A small slip stream taken from the effluent liquid is fed to a continuous densitome¬ 
ter, which indicates that the liquid density is 0.9534 g/mL. 

(a) Using tabulated data from Perry’s Chemical Engineers’ Handbook (pp. 2-85, 2-87, and 2-99), 11 
estimate the percentage of the ammonia in the feed that is removed in the contactor. 


" R. H. Perry and D. W. Green, Eds., Perry’s Chemical Engineers’ Handbook, 7th Edition, McGraw-Hill, New 
York, 1997. 
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(b) Why is it important to maintain the slip stream and densitometer chamber at a known temper¬ 
ature at or below the temperature of the contactor? 

6.44. Sulfur trioxide (S0 3 ) dissolves in and reacts with water to form an aqueous solution of sulfuric acid 
(H 2 S0 4 ). The vapor in equilibrium with the solution contains both SO3 and H 2 0. If enough SO3 
is added, all of the water reacts and the solution becomes pure H 2 S0 4 . If still more S0 3 is added, 
it dissolves to form a solution of S0 3 in H 2 S0 4 , called oleum or fuming sulfuric acid. The vapor in 
equilibrium with oleum is pure S0 3 . A 20% oleum by definition contains 20 kg of dissolved S0 3 
and 80 kg of H 2 S0 4 per hundred kilograms of solution. Alternatively, the oleum composition can 
be expressed as % S0 3 by mass, with the constituents of the oleum considered to be SO3 and H 2 0. 

(a) Prove that a 15.0% oleum contains 84.4% SO 3 . 

(b) Suppose a gas stream at 40°C and 1.2 atm containing 90 mole% S0 3 and 10% N 2 contacts 
a liquid stream of 98 wt% H 2 S0 4 (aq), producing 15% oleum at the tower outlet. Tabulated 
equilibrium data indicate that the partial pressure of S0 3 in equilibrium with this oleum is 1.15 
mm Hg. Calculate (i) the mole fraction of SO3 in the outlet gas if this gas is in equilibrium with 
the liquid product at 40°C and 1 atm, and (ii) the ratio (m 3 gas feed)/(kg liquid feed). 

6.45. State whether you would use Raoult’s law or Henry’s law to perform vapor-liquid equilibrium cal¬ 
culations for each component in the following liquid mixtures: (a) water and dissolved nitrogen; 
(b) hexane, octane, and decane; and (c) club soda or any other carbonated beverage. 

6.46. A gas containing nitrogen, benzene, and toluene is in equilibrium with a 40 mole% benzene- 
60 mole% toluene liquid mixture at 100°C and 10 atm. Estimate the gas-phase composition (mole 
fractions) using Raoult’s law. 

6.47. Using Raoult’s law or Henry’s law for each substance (whichever one you think appropriate), cal¬ 
culate the pressure and gas-phase composition (mole fractions) in a system containing a liquid 
that is 0.3 mole% N 2 and 99.7 mole% water in equilibrium with nitrogen gas and water vapor at 
80° C. 

6.48. The pressure in a vessel containing methane and water at 70°C is 10 atm. At the given temperature, 
the Henry’s law constant for methane is 6.66 x 10 4 atm/mole fraction. Estimate the mole fraction of 
methane in the liquid. 

6.49. When air (=21 mole% 0 2 ,79 mole% N 2 ) is placed in contact with 1000 cm 3 of liquid water at body 
temperature, 36.9°C, and 1 atm absolute, approximately 14.1 standard cubic centimeters (cm 3 (STP)] 
of gas are absorbed in the water at equilibrium. Subsequent analysis of the liquid reveals that 33.4 
mole% of the dissolved gas is oxygen and the balance is nitrogen. 

(a) Estimate the Henry’s law coefficients (atm/mole fraction) of oxygen and nitrogen at 36.9°C. 

(b) An adult absorbs approximately 0.4 g 0 2 /min in the blood flowing though the lungs. Assuming 
that blood behaves like water and that it enters the lungs free of oxygen, estimate the flow rate 
of blood into the lungs in L/min. 

(c) The actual flow rate of blood into the lungs is roughly 5 L/min. Identify the assumptions made in 
the calculation of part (b) that are likely causes of the discrepancy between the calculated and 
actual blood flows. 

6.50. The solubility coefficient of a gas may be defined as the number of cubic centimeters (STP) of the 
gas that dissolves in 1 cm 3 of a solvent under a partial pressure of 1 atm. The solubility coefficient of 
C0 2 in water at 20°C is 0.0901 cm 3 C0 2 (STP)/cm 3 H 2 0(1). 

(a) Calculate the Henry’s law constant in atm/mole fraction for C0 2 in H 2 0 at 20°C from the given 
solubility coefficient. 

(b) How many grams of C0 2 can be dissolved in a 12-oz bottle of soda at 20°C if the gas above the 
soda is pure C0 2 at a gauge pressure of 2.5 atm (I liter = 33.8 fluid ounces)? Assume the liquid 
properties are those of water. 

(c) What volume would the dissolved C0 2 occupy if it were released from solution at body temper¬ 
ature and pressure—37° C and 1 atm? 

6.51. The sulfur dioxide content of a stack gas is monitored by passing a sample stream of the gas through 
an S0 2 analyzer. The analyzer reading is 1000 ppm S0 2 (parts per million on a molar basis). The 
sample gas leaves the analyzer at a rate of 1.50 L/min at 30° C and 10.0 mm Hg gauge and is bubbled 
through a tank containing 140 titers of initially pure water. In the bubbler, S0 2 is absorbed and water 
evaporates. The gas leaving the bubbler is in equilibrium with the liquid in the bubbler at 30°C and 
1 atm absolute. The S0 2 content of the gas leaving the bubbler is periodically monitored with the 
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SO: analyzer, and when it reaches 100 ppm S0 2 the water in the bubbler is replaced with 140 liters 

of fresh water. 

(a) Speculate on why the sample gas is not just discharged directly into the atmosphere after leav¬ 
ing the analyzer. Assuming that the equilibrium between S0 2 in the gas and dissolved S0 2 is 
described by Henry’s law, explain why the S0 2 content of the gas leaving the bubbler increases 
with time. What value would it approach if the water were never replaced? Explain. (The word 
“solubility” should appear in your explanation.) 

(b) Use the following data for aqueous solutions of S0 2 at 30°C 12 to estimate the Henry’s law con¬ 
stant in units of mm Hg/mole fraction: 


| g S0 2 dissolved/100 g H 2 0(1) 

0.0 

0.5 

1.0 

1.5 

1 - 

2.0 

| pso, (mm Hg) 

0.0 

1 

42 

85 

129 

176 


(c) Estimate the S0 2 concentration of the bubbler solution (mol S0 2 /liter), the total moles of S0 2 
dissolved, and the molar composition of the gas leaving the bubbler (mole fractions of air, SO>, 
and water vapor) at the moment when the bubbler solution must be changed. Make the following 
assumptions: 

• The feed and outlet streams behave as ideal gases. 

• Dissolved S0 2 is uniformly distributed throughout the liquid. 

• The liquid volume remains essentially constant at 140 liters. 

• The water lost by evaporation is small enough for the total moles of water in the tank to be 
considered constant. 

• The distribution of S0 2 between the exiting gas and the liquid in the vessel at any instant of 
time is governed by Henry’s law, and the distribution of water is governed by Raoult’s law 
(assume .*h 2 o 255 1)- 

(d) Suggest changes in both scrubbing conditions and the scrubbing solution that might lead to an 
increased removal of S0 2 from the feed gas. 

6.52. A vapor stream that is 65 mole% styrene and 35 mole% toluene is in equilibrium with a liquid 
mixture of the same two species. The pressure in the system is 150 mm Hg absolute. Use Raoult’s 
law to estimate the composition of the liquid and the system temperature. 

6.53. A gas containing nitrogen, benzene, and toluene is in equilibrium with a liquid consisting of 35 
mole% benzene and 65 mole% toluene at 85°C and 10 atm. Estimate the gas composition (mole 
fractions) using Raoult’s law and assuming ideal gas behavior. 

6.54. A liquid mixture containing 50 mole% propane, 30% n-butane, and 20% isobutane is stored in a 
rigid container at 77°F. The container has a maximum allowable working pressure of 200 psig. The 
head space above the liquid contains only vapors of the three hydrocarbons. 

(a) Show that the container is currently safe, using Raoult’s law and the Cox chart (Figure 6.1-4) in 
your calculations. 

(b) Obtain a rough estimate of the temperature above which the maximum allowable pressure 
would be exceeded. Comment on the suitability of the container to store the given mixture, 

6.55. A closed system contains an equimolar mixture of n-pentane and isopentane. 

(a) Suppose the system is initially all liquid at 120°C and a high pressure, and the pressure is grad¬ 
ually reduced at a constant temperature. Estimate the pressures at which the first bubble of 
vapor forms and at which the last drop of liquid evaporates. Also calculate the liquid and vapor 
compositions (mole fractions) at those two conditions. ( Suggestion: Use a spreadsheet.) 

(b) Now suppose the system starts as a vapor at 1200 mm Hg gauge and a high temperature, and 
the temperature is gradually reduced at constant pressure. Estimate the temperatures at which 
the first drop of liquid forms and at which the last bubble of vapor condenses. Also calculate the 
liquid and vapor compositions (mole fractions) at those two conditions. 

6.56. Nitrogen is bubbled through a liquid mixture that initially contains equimolar amounts of benzene 
and toluene. The system pressure is 3 atm and the temperature is 80°C. The nitrogen flow rate is 
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10.0 standard liters per minute. The gas leaving the bubbler is saturated with benzene and toluene 
vapors. 

(a) Estimate the initial rates (mol/min) at which benzene and toluene leave the bubbler. 

(b) How will the mole fractions of benzene and toluene in the liquid change with time (increase, 
decrease, or remain constant)? Explain your answer. 

(c) How will the mole fractions of benzene and toluene in the exiting gas change with time (increase, 
decrease, or remain constant)? Explain your answer. 

6.57. Calculate the following: 

(a) The bubble-point temperature of an equimolar mixture of liquid n-hexane and n-heptane at 1.0 
atm and the composition (mole fractions) of the vapor in equilibrium with this mixture, 

(b) The dew-point temperature of a gas mixture with a molar composition of 30% «-hexane. 30% n- 
heptane, and 40% air at 1 atm and the composition (mole fractions) of the liquid in equilibrium 
with this mixture. 

*6.58. A liquid mixture contains N components (N may be any number from 2 to 10) at pressure 
P(mm Hg). The mole fraction of the ith component is x,- (i = 1, 2,..., N), and the vapor pres¬ 
sure of that component is given by the Antoine equation (see Table B.4) with constants A„ £,, and 
C,-. Raouit’s law may be applied to each component. 

(a) Write the equations you would use to calculate the bubble-point temperature of the mixture, 
ending with an equation of the form f(T) = 0. (The value of T that satisfies this equation is 
the bubble-point temperature.) Then write the equations for the component mole fractions (y ( , 
yi, • ■ •, y.v) in the first bubble that forms, assuming that the temperature is now known, 

(b) Prepare a spreadsheet to perform the calculations of part (a). The spreadsheet should include 

a title line and two tables: the first table should contain the Antoine-equation constants and 
the total pressure, and the second should contain columns for the liquid-phase mole fractions, 
guessed values of the bubble-point temperature, any intermediate quantities generated in the 
bubble-point calculation (such as vapor pressures at the guessed temperatures), the function 
f(T), and the values of the vapor-phase mole fractions. Enter the values of A,, C,-, P, and 

Xj for each species in the mixture, assume a value of T. and enter formulas for the other vari¬ 
ables in the spreadsheet including /. Then determine the bubble-point temperature by using 
the goalseek tool (or simple trial and error) to find the value of T for which / = 0. Test your 
program by calculating the bubble-point temperatures and vapor compositions for liquids at 760 
mm Hg containing (t) 22.6 mole% benzene. 44.3 mole% ethylbenzene, and the balance toluene; 
(ii) 44.3 mole% benzene, 22.6% ethylbenzene, and the balance toluene; and (iii) 22.6 mole% 
benzene, 22.6% ethylbenzene, and the balance toluene. Briefly explain why the variations in 
bubble-point temperature for these three cases make sense. 

(c) Write a computer program to perform the calculations of part (b), and test it using the same 
three cases. To calculate the bubble-point temperature, evaluate / for the first guessed value of 
T, and then vary T in increments of ±5°C until the value of / changes sign from its initial value. 
Use the two values of T for which the corresponding values of / bracket 0 as the starting point 
for a regula-faisi method calculation (Appendix A.2c), stopping when j/(T)| < 1.0 X 10~ J . 

6.59. A vapor mixture of n-butane (B) and «-hexane (H) contains 50.0 mole% butane at 120°C and 
1.0 atm. A stream of this mixture flowing at a rate of 150.0 L/s is cooled and compressed, caus¬ 
ing some but not all of the vapor to condense. (Treat this process as a single-unit operation.) Liquid 
and vapor product streams emerge from the process in equilibrium at T (°C) and 1100 mm Hg. The 
vapor product contains 60.0 mole% butane. 

(a) Draw and label a flowchart. Perform a degree-of-freedom analysis to show that you have enough 
information to determine the required final temperature ( T ), the composition of the liquid prod¬ 
uct (component mole fractions), and the molar flow rates of the liquid and vapor products from 
the given information and Antoine expressions for the vapor pressures p' n (T) and p' n (T). Just 
identify the equations—for example , mole balance on butane or Raouit’s law for hexane—but 
don’t write them yet 

(b) Write in order the equations that you would use to determine the quantities listed in part (a) 
and also the fractional condensation of hexane (mol H condensed/mol H fed). In each equation, 
circle the variable for which you would solve. Do no algebra or calculations. 


'Computer problem. 
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(c) Complete the calculations either manually or with an equation-solving program. 

(d) State three assumptions you made that could lead to errors in the calculated quantities. 

6.60. The feed to a distillation column is a 45.0 mole% n-pentane-55.0 moIe% n-hexane liquid mixture. 
The vapor stream leaving the top of the column, which contains 98.0 mole% pentane and the balance 
hexane, goes to a total condenser (in which all the vapor is condensed). Half of the liquid condensate 
is returned to the top of the column as reflux and the rest is withdrawn as overhead product ( distillate ) 
at a rate of 85.0 kmol/h. The distillate contains 95.0% of the pentane fed to the column. The liquid 
stream leaving the bottom of the column goes to a reboiler. Part of the stream is vaporized; the vapor 
is recycled to the bottom of the column as boilup, and the residual liquid is withdrawn as bottoms 
product. 

(a) Calculate the molar flow rate of the feed stream and the molar flow rate and composition of the 
bottoms product stream. 

(b) Estimate the temperature of the vapor entering the condenser, assuming that it is saturated (at 
its dew point) at an absolute pressure of 1 atm and that Raoult’s law applies to both pentane and 
hexane. Then estimate the volumetric flow rates of the vapor stream leaving the column and of 
the liquid distillate product. State any assumptions you make. 

(c) Estimate the temperature of the reboiler and the composition of the vapor boilup, again assum¬ 
ing operation at 1 atm. 



(d) Calculate the minimum diameter of the pipe connecting the column and the condenser if the 
maximum allowable velocity in the pipe is 10 m/s. Then list ail the assumptions underlying the 
calculation of that number. 

6.61. The vapor leaving the top of a distillation column goes to a condenser in which either total or partial 
condensation takes place. If a total condenser is used, a portion of the condensate is returned to 
the top of the column as reflux and the remaining liquid is taken off as the overhead product (or 
distillate). (See Problem 6.60.) If a partial condenser is used, the liquid condensate is returned as 
reflux and the uncondensed vapor is taken off as the overhead product. 


PARTIAL 

CONDENSER 

^Cooling fluid 
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The overhead product from an n-butane-n-pentane distillation column is 96 mole% butane. 
The temperature of the cooling fluid limits the condenser temperature to 40° C or higher. 



Problems 295 


(a) Using Raoult’s law, estimate the minimum pressure at which the condenser can operate as a 
partial condenser (i.e., at which it can produce liquid for reflux) and the minimum pressure at 
which it can operate as a total condenser. In terms of dew point and bubble point, what do each 
of these pressures represent for the given temperature? 

(b) Suppose the condenser operates as a total condenser at 40°C, the production rate of overhead 
product is 75 kmol/h, and the mole ratio of reflux to overhead product is 1.5:1, Calculate the 
molar flow rates and compositions of the reflux stream and the vapor feed to the condenser. 

(c) Suppose now that a partial condenser is used, with the reflux and overhead product in equilib¬ 
rium at 40°C and the overhead product flow rate and reflux-to-overhead product ratio having the 
values given in part (b). Calculate the operating pressure of the condenser and the compositions 
of the reflux and vapor feed to the condenser. 

6.62, Vapor-liquid equilibrium calculations can sometimes be simplified through the use of a quantity 
called the relative volatility, which may be defined in terms of the following depiction of vapor and 
liquid phases in equilibrium: 


V; = mole fraction of 
species i in vapor 

Xj = mole fraction of 
species i in liquid 


Vapor: y ( -, y-, y k , . . . 


Liquid: x t , x jt x k , _ 


The relative volatility of species i to species j is 


a u 


y-,i Xi 

yj/xj 


If atjj is much greater than 1, species i is much more volatile than species j (i.e., it has a much greater 
tendency to vaporize at the system temperature and pressure); conversely, if a, y <K 1, species i is 
much less volatile than species j. The closer is to 1, the more difficult it is to separate species i 
from species j by a process such as distillation or partial condensation of a vapor mixture. 

(a) Show that the relative volatility of species A to species B, «ab> equals the ratio of vapor pres¬ 
sures at the system temperature, p*Jp^, if both species obey Raoult’s law and follow ideal gas 
behavior. 

(b) Determine the relative volatility of styrene to ethylbenzene at 85°C and the relative volatility 
of benzene to ethylbenzene at the same temperature. Which pair would you classify as more 
difficult to separate by distillation? 

(c) Show that for a binary mixture of i and j 


y. = 


_ <*;/*. 

1 + (a jj - l)x, 


(d) Apply the equation from part (c) to a benzene-ethylbenzene system at 85°C, using it to estimate 
the mole fractions of benzene in the vapor phase in equilibrium with liquids having benzene 
mole fractions of 0.0,0.2,0.4,0.6,0.8, and 1.0. Then calculate the total system pressure for each 
of these six conditions. 
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6.63. A stage of a separation process is defined as an operation in which components of one or more feed 
streams divide themselves between two phases, and the phases are taken off separately. In an ideal 
stage or equilibrium stage, the effluent (exiting) streams are in equilibrium with each other. 

Distillation columns often consist of a series of vertically distributed stages. Vapor flows up¬ 
ward and liquid flows downward between adjacent stages; some of the liquid fed to each stage va¬ 
porizes, and some of the vapor fed to each stage condenses. A representation of the top section of 
a distillation column is shown on the next page. (See Problem 4.26 for a more realistic representa¬ 
tion.) 

Consider a distillation column operating at 0.4 atm absolute in which benzene and styrene are 
being separated. A vapor stream containing 65 moJe% benzene and 35 mole% styrene enters stage 
1 at a rate of 200 mol/h, and liquid containing 55 mole% benzene and 45 mole% styrene leaves this 
stage at a rate of 150 mol/h. You may assume (1) the stages are ideal, (2) Raoult’s law can be used to 
relate the compositions of the streams leaving each stage, and (3) the total vapor and liquid molar 
flow rates do not change by a significant amount from one stage to the next. 
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(a) How would you expect the mole fraction of benzene in the liquid to vary from one stage to 
another, beginning with stage 1 and moving up the column? In light of your answer and consid¬ 
ering that the pressure remains essentially constant from one stage to another, how would you 
then expect the temperature to vary at progressively higher stages? Briefly explain. 

(b) Estimate the temperature at stage 1 and the compositions of the vapor stream leaving this stage 
and the liquid stream entering it. Then repeat these calculations for stage 2. 

(c) Describe how you would calculate the number of ideal stages required to reduce the styrene 
content of the vapor to less than 5 mole%. 
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*6.64, The following diagram shows a staged absorption column in which n -hexane (H) is absorbed from 
a gas into a heavy oil. 


Gas effluent 
rirjjmoi/s) 
y N (mo! H/mol) 



A gas feed stream containing 5.0 mole% hexane vapor and the balance nitrogen enters at the bottom 
of an absorption column at a basis rate of 100 moi/s, and a nonvolatile oil enters the top of the column 
in a ratio 2 mol oil fed/mol gas fed. The absorber consists of a series of ideal stages (see Problem 6.63), 
arranged so that gas flows upward and liquid flows downward. The liquid and gas streams leaving 
each stage are in equilibrium with each other (by the definition of an ideal stage), with compositions 
related by Raoult’s law. The absorber operates at an approximately constant temperature r(°C) 
and pressure P(mm Hg). Of the hexane entering the column, 99.5% is absorbed and leaves in the 


♦Computer problem. 




Problems 297 


liquid column effluent. At the given conditions it may be assumed that N 2 is insoluble in the oil and 

that none of the oil vaporizes. 

(a) Calculate the molar flow rates and mole fractions of hexane in the gas and liquid streams leaving 
the column. Then calculate the average values of the liquid and gas molar flow rates in the 
column, rt(,(mol/s) and « G (mol/s). For simplicity, in subsequent calculations use these values as 
the molar flow rates of the liquid and gas streams leaving each stage. 

(b) Estimate the mole fraction of hexane in the gas leaving the bottom stage of the column (y t ) and 
in the liquid entering this stage (x 2 ). 

(c) Suppose that x t and y, are the mole fractions of hexane in the liquid and gas streams leaving 
stage i. Derive the following formulas and verify that they yield the answers you calculated in 
part (b): 

y< = XiP;(T)/P (1) 

x i+l = Xi + ^(y, — y f -i) (2) 

(d) Create a spreadsheet to determine the number of stages ( N ) required to reduce the mole frac¬ 
tion of hexane to its required final value [calculated in part (a)] or less for P = 760 torr and 
temperatures of 30° C. 50°C, and 70°C. The spreadsheet should have the following structure 
(some calculated values are shown): 


Hexane Absorption 





I 










/> = 

760 


1 






yo = 

0.05 

-T| = 


y e = 

2.63E-04 



1 

! 

«G/V = 


n u = 


n G = 


= 


1 

1 

A = 

6.8776 

B = 

1172 

C = 

224.366 













T 

p*(T) 


■ T 

p*(T) 


T 

p*(T) 

] 

30 

187.1 


50 



70 












i 

x(0 

y(0 

1 

x(i) 

y( 0 

i 

x(i) 

y(i) 

0 


5 . 00 E -02 

0 


5.00E-02 

0 


5.00E-02 1 

1 

2.43E-02 

5.98E-03 

1 



1 


1 

2 

3.07E-03 

7.56E-04 

2 



2 


; 

3 

5.57E-04 

1.37E-04 

3 



3 


j 


Enter the values of x t , y N , , h Ll , and the average flow rates h c and h L calculated in parts (a) 
and (b). Then in the appropriate cells for the calculation at 30°C, enter the Antoine formula for 
the vapor pressure, the value of xj, the formula for y L (Equation 1), and the formulas for x 2 and 
>2 (Equations 2 and 1). Then copy the formulas into successive rows, proceeding until the value 
of y, is less than or equal to the calculated effluent value (y N ). The results (which should match 
the ones shown) indicate that three stages are required to achieve the specified hexane recovery 
at 30°C. Repeat the calculations for the other two temperatures. (You should be able to do so 
entirely by copying cells from one location to another on the spreadsheet.) Do not go beyond 
25 stages for any temperature, whether or not you achieve the required separation. 
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(e) You should have found that at 70°C and 760 mm Hg the hexane mole fraction in the vapor 
levels out at a value above the target value, which means that the specified separation cannot be 
achieved at those conditions. Explain this result. Then use your spreadsheet to determine the 
minimum pressure at which the target absorption can be achieved at that temperature. 

6.65. A vapor mixture containing 30 mole% benzene and 70% toluene at 1 atm is cooled isobarically in 
a closed container from an initial temperature of 115°C. Use the Txy diagram of Figure 6.4-1 to 
answer the following questions. 

(a) At what temperature does the first drop of condensate form? What is its composition? 

(b) At one point during the process the system temperature is 100°C. Determine the mole fractions 
of benzene in the vapor and liquid phases and the ratio (total moles in vapor/total moles in 
liquid) at this point. 

(c) At what temperature does the last bubble of vapor condense? What is its composition? 

6.66. Three gram-moles of benzene and 7 gram-moles of toluene are placed in a closed cylinder equipped 
with a piston. The cylinder is immersed in a boiling-water bath that maintains the temperature at 
100°C The force exerted on the piston can be varied to adjust the cylinder pressure to any desired 
value. The pressure is initially 1000 mm Hg and is gradually lowered to 600 mm Hg. Use the Pxy 
diagram of Figure 6.4-1 to convince yourself that the cylinder initially contains only liquid benzene 
and toluene and to answer the following questions. 

(a) At what pressure does the first vapor bubble form? What is its composition? 

(b) At what pressure does the last droplet of liquid evaporate? What is its composition? 

(c) What are the liquid and vapor compositions in equilibrium with each other when the pressure 
is 750 mm Hg? What is the ratio (moles vapor/mole liquid) at this point? 

(d) Estimate the volume of the cylinder contents when the pressure is (i) 1000 mm Hg, (ii) 750 mm 
Hg, and (iii) 600 mm Hg. 

6.67. A methanol-water feed stream is introduced to a vaporizer in which a molar fraction / of the feed 
is vaporized. The feed has a methanol mole fraction of x F = 0.4, and the vaporizer operates at a 
pressure of 1 atm absolute and 80°C. Vapor and liquid leaving the device are in equilibrium at the 
temperature and pressure of the system and have methanol mole fractions of y and x, respectively. 

A Txy diagram for methanol-water mixtures at 1 atm absolute is shown below. The feed to the 
vaporizer and the liquid and vapor product streams are shown as points B, A, and C, respectively. 



(a) Prove that / can be determined from the equation 

f - mo * es v apor _ Xf - x 
moles of liquid y - x 

Use this result to determine / for the specific conditions cited above (x F = 0.4, T = 80°C). 

(b) Use the Txy diagram to estimate the minimum and maximum temperatures at which the given 
feed stream could be separated into vapor and liquid fractions at 1 atm. In each case, what 
fraction of the feed would be vaporized? 

6.68. Vapor-liquid equilibrium data for mixtures of acetone (A) and ethanol at 1 atm are given in the 
following table: 
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r(°C) 

78.3 

67.3 

65.9 

63.6 

61.8 

60.4 

59.1 

Lh 

00 

o 

57.0 

56.1 

*A 

0.000 

0.250 

0.300 

0.400 

0.500 

0.600 

0.700 

0.800 

0.900 

1.000 

_^ 

0.000 

0.478 

0.524 

0.605 

0.674 

0.739 

0.802 

0.865 

0.929 

1.000 
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(a) Use the given data to construct a Txy diagram for this system. 

(b) A thermocouple inserted into a two-phase mixture of acetone and ethanol at equilibrium reads 
62.1°C. The system pressure is 1 atm. Use the Txy diagram to estimate the mole fractions of 
acetone in the liquid and vapor phases. 

(c) An equimolar mixture of acetone and ethanol is fed to an evacuated vessel and allowed to come 
to equilibrium at 65°C and 1.00 atm absolute. Estimate (i) the molar compositions of each phase, 
(ii) the percentage of the total moles in the vessel that are in the vapor phase, and (iii) the 
percentage of the vessel volume occupied by the vapor phase. 

(d) A liquid mixture containing 40.0 mole% acetone and 60.0 mole% ethanol is fed to a continu¬ 
ous flash evaporator. Vapor and product streams leave the unit in equilibrium at 1.00 atm. The 
molar flow rate of the vapor product stream is 20% of the molar flow rate of the feed stream. 
Estimate the operating temperature of the evaporator and the compositions of the liquid and 
vapor product streams. 

(e) Use Raoult’s law to estimate the bubble-point temperature and vapor composition in equilib¬ 
rium with an equimolar liquid mixture of acetone and ethanol. Calculate the percentage errors 
in the estimated values of 7b P and y. Propose a reason why Raoult’s law produces poor estimates 
for this system. ( Suggestion: Consider the molecular structure of the two components.) 

Your task in this problem will be to use a spreadsheet to generate a Txy diagram for a two-component 
system, using Raouit’s law to express the vapor-liquid equilibrium distribution of each species. The 
spreadsheet will be constructed for the chloroform-benzene system at 1 atm (for which Raoult’s 
law is not a very good approximation), but it can then be used for any other system by substituting 
different Antoine equation constants. 

(a) Look up the normal boiling points of chloroform and benzene and sketch the expected shape 
of a Txy diagram for these two species at 1 atm. Do not perform any calculations. 

(b) Create a spreadsheet that contains a title line in Row 1 (Txy Diagram for an Ideal Binary So¬ 
lution), the names of the two species (Chloroform and Benzene), and the labels (A, B, C) and 
values of their Antoine equation constants (Rows 3 and 4), and a label Pi mm Hg) = and in 
the adjacent cell the pressure for which the diagram is to be generated (760) (Row 5). Then 
insert column headings x, T, y, pi, p2, pl+p2 in Row 7. These headings denote the mole frac¬ 
tion of the first species in the liquid phase, the equilibrium temperature, the mole fraction 
of the first species in the vapor phase, the partial pressures of the first and second species 
in the vapor phase, and the sum of the partial pressures of the two species. In the first col¬ 
umn (under the x heading) enter 0.0, 0.05, 0.10, ... , 0.95, 1.0. (You should be able to enter 
a formula in the second cell and then copy it into the remaining cells of the column rather 
than entering each number individually.) Then carry out the following procedure for each x 
value, 

• Enter a temperature (for all but x = 0 and x = 1 you will have to guess a value). 

• Enter formulas for the two partial pressures (use Raoult’s law) and for their sum, and then 
enter a formula for y. 

• Vary the value of T to determine the temperature at which the sum of the component partial 
pressures equals the specified total pressure of the system (760 mm Hg). This calculation 
can easily be done using the goalseek tool on most spreadsheet programs, or it can be done 
by manual trial and error. The row now contains the correct x and y values for the given 
temperature. 

Once you have done the calculation for the first x value, you should be able to copy formulas 
into subsequent rows rather than having to enter them again. When the calculation has been 


‘Computer problem. 








300 Chapter 6 Multiphase Systems 


completed for all rows of the table, draw the Txy diagram (using the graphing facility of your 
spreadsheet program if possible, otherwise by hand). 

(c) Explain in your own words exactly what you are doing in the bulleted sequence of steps in part 
(b) and give the relevant formulas. The phrase “bubble point” should appear in your explana¬ 
tion. 

(d) The following vapor-liquid equilibrium data have been obtained for mixtures of chloroform (C) 
and benzene (B) at 1 atm. 


T (°C) 

80.6 

79.8 

79.0 

77.3 

75.3 

71.9 

68.9 

61.4 


0.00 

0.08 

0.15 

0.29 

0.44 

0.66 

0.79 

1.00 

yc 

0.00 

0.10 

0.20 

0.40 

0.60 

0.80 

0.90 

1.00 


• 

Equipment 

Encyclopedia 

reactor 

condenser. 

distillation 

column 


Plot these data on the graph generated in part (b). Estimate the percentage errors in the Raoult’s 
law values of the bubble-point temperature and vapor mole fraction for xc = 0.44, taking the 
tabulated values to be correct. Why does Raoult’s law give poor estimates for this system? 

6.70. A liquid mixture containing 40.0 mole% methanol and 60.0 mole% 1-propanol is placed in an open 
vessel and heated slowly. Estimate the temperature at which the mixture begins to boil. List assump¬ 
tions made in your calculations. If heat is supplied continuously, how will the liquid temperature and 
composition change with time? 

6.71. Acetaldehyde is synthesized by the catalytic dehydrogenation of ethanol: 

C 2 H 5 OH — CH 3 CHO + H 2 

Fresh feed (pure ethanol) is blended with a recycle stream (95 mole% ethanol and 5% acetalde¬ 
hyde), and the combined stream is heated and vaporized, entering the reactor at 280°C. Gases leav¬ 
ing the reactor are cooled to -40°C to condense the acetaldehyde and unreacted ethanol. Off-gas 
from the condenser is sent to a scrubber, where the uncondensed organic compounds are removed 
and hydrogen is recovered as a by-product. The condensate from the condenser, which is 45 mole% 
ethanol, is sent to a distillation column that produces a distillate containing 97 moie% acetaldehyde 
and a bottoms product that constitutes the recycle blended with fresh feed to the process. The pro¬ 
duction rate of the distillate is 1000 kg/h. The pressure throughout the process may be taken as 1 atm 
absolute. 



95 mole% C 2 H 5 0H{l) 
5 mole% CH 3 CH0(1) 


(a) Calculate the molar flow rates (kmol/h) of the fresh feed, the recycle stream, and the hydro¬ 
gen in the off-gas. Also determine the volumetric flow rate (m 3 /h) of the feed to the reactor. 
( Suggestion: Use Raoult’s law in the analysis of the condenser.) 

(b) Estimate (i) the overall and single-pass conversions of ethanol and (ii) the rates (kmol/h) at 
which ethanol and acetaldehyde are sent to the scrubber. 

6.72. Dehydration of natural gas is necessary to prevent the formation of gas hydrates, which can plug 
valves and other components of a gas pipeline, and also to reduce potential corrosion prob- 
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lems. Water removal can be accomplished as shown in the following schematic diagram: 



Natural gas containing 80 lb m H 2 O/IO 6 SCF gas [SCF = ft 3 (STP)] enters the bottom of an ab¬ 
sorber at a rate of 4.0 x 10 6 SCF/day. A liquid stream containing triethylene glycol (TEG. molecular 
weight = 150.2) and a small amount of water is fed to the top of the absorber. The absorber oper¬ 
ates at 500 psia and 90°F. The dried gas leaving the absorber contains 10 lb m FFO/10° SCF gas. The 
solvent leaving the absorber, which contains all the TEG-water mixture fed to the column plus all 
the water absorbed from the natural gas, goes to a distillation column. The overhead product stream 
from the distillation column contains only liquid water. The bottoms product stream, which contains 
TEG and water, is the stream recycled to the absorber. 

(a) Draw and completely label a flowchart of this process. Calculate the mass flow rate (lb 3 .dayi 
and volumetric flow rate (ftVday) of the overhead product from the distillation column. 

(b) The greatest possible amount of dehydration is achieved if the gas leaving the absorption column 
is in equilibrium with the solvent entering the column. If the Henry's law constant for water in 
TEG at 90°F is 0.398 psia/mol fraction, what is the maximum allowable mole fraction of water 
in the solvent fed to the absorber? 

(c) A column of infinite height would be required to achieve equilibrium between the gas and liquid 
at the top of the absorber. For the desired separation to be achieved in practice, the mole fraction 
of water in the entering solvent must be less than the value calculated in part (b). Suppose it is 
80% of that value and the flow rate of TEG in the recirculating solvent is 37 Ib m TEG Ih- water 
absorbed in the column. Calculate the flow rate (lb m /day) of the solvent stream entering ±e 
absorber and the mole fraction of water in the solvent stream leaving the absorber. 

(d) What is the purpose of the distillation column in the process? {Hint: Think about how the process 
would operate without it.) 

6.73. A two-stage process is used to separate H 2 S from a gas containing 96% Hi and 4% H:S by volume. 
The H 2 S is absorbed in a solvent, which is then regenerated by air in a stripping column. The Henry's 
law constant for the absorption of H 2 S in the solvent at 0°C is 22 atm/mole fraction. 


© 

Air + H 2 S 


© 



Data on Process Streams 

G V 

100 mol/h 


96% H 2> 4% H 2 S, 1.8 atm 

Gi 

99.9% H 2 , 0.1% H 2 S 

Gf 

200 mol air/h 

Gy 

40°C. 1 atm 

Li- 

0.200 mole% H 2 S 

W- 

Assume at equilibrium with 


G z at 0*0 


Feed gas 
h 2 + H Z S 
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(a) Briefly explain in your own words the functions of the three process units. Include in your ex¬ 
planation the purpose of the air in the stripper and the reason the stripper operates at a higher 
temperature than the absorber. 

(b) Calculate the molar flow rate of pure solvent and the volumetric flow rate of the gas at G 4 
neglecting evaporation of solvent in both columns. (See flowchart.) 

6.74. The solubility of sodium bicarbonate in water is 11.1 g NaHCOj/lOO g H z O at 30° C and 16.4 g 
NaHCCVlOO g H 2 0 at 60°C. If a saturated solution of NaHC0 3 at 60°C is cooled and comes to 
equilibrium at 30°C, what percentage of the dissolved salt crystallizes? 

6.75. An aqueous solution of potassium hydroxide is fed at a rate of 875 kg/h to an evaporative crystallizer 
operating at 10°C, producing crystals of KOH-2H 2 Q. A 5 g aliquot of the feed solution is titrated to 
neutrality with 22.4 mL of 0.85 molar H 2 S0 4 . The solubility of KOH at 10°C is 103 kg KQH/100 kg 
H 2 0. At what rate must water be evaporated to crystallize 60% of the KOH in the feed? 

6.76. A salt A is soluble in a solvent S. A conductivity meter used to measure the solute concentration 
in A-S solutions is calibrated by dissolving a known quantity of A in S, adding more S to bring the 
solution volume to a fixed value, and noting the conductivity meter reading. The data given below 
are taken at 30°C: 


Solute 

Dissolved 

(g) 

Solution 

Volume 

(mL) 

Meter 

Reading 

R 

0 

100.0 

0 

20.0 

100.0 

30 

30.0 

100.0 

45 


The following experiment is performed. One hundred sixty grams of A is dissolved in S at 30°C. 
S is added until a final solution volume of 500 mL is obtained. The solution is cooled slowly to 
0°C while being stirred and is maintained at this temperature long enough for crystallization to be 
complete. The concentration of A in the supernatant liquid is then measured with the conductiv¬ 
ity meter, yielding R = 17.5. The solution is next reheated in small temperature increments. The 
last crystal is observed to dissolve at 10.2°C. A specific gravity of 1.10 may be assumed for ail AS 
solutions. 

(a) Derive an expression for C(g A/mL solution) in terms of R. 

(b) Calculate the solubilities (g A/100 g S) at 10.2°C and 0°C and the mass of solid crystals in the 
beaker at 0°C. 

(c) If half the solvent in the flask were to evaporate at 0°C, how much more A would come out of 
solution? 

6.77. A saturated MgS0 4 solution at 130°F is fed to a crystallizer operating at 50°F. The solution leaving 
the crystallizer is saturated. Magnesium sulfate solubilities are 35 wt% MgS0 4 at 130°F and 23 wt% 
MgS0 4 at 50°F. 

(a) Write the molecular formula for the crystalline product that forms. (See Table 6.5-1.) 

(b) A production rate of 1000 kg/h of crystalline material is desired. Calculate (i) the required feed 
rate to the crystallizer (kg/h), and (ii) the rate (kg/h) at which anhydrous MgS0 4 could be re¬ 
covered from the crystals. 

6.78. A solution containing 100 lb m KNO 3 /100 lb m H 2 Q at 80°C is fed to a cooling crystallizer operated 
at 25°C. Slurry from the crystallizer (KN0 3 crystals suspended in saturated solution) is fed to a 
filter, where the crystals are separated from the solution. Use the solubility data in Figure 6.5-1 
to determine the production rate of crystals (lb m /lb m feed) and the solid-to-liquid mass ratio (lb m 
erystals/lb m liquid) in the slurry leaving the crystallizer. 

6.79. A 10.0 wt% aqueous solution of sodium chloride is fed to an evaporative crystallizer operated under 
a partial vacuum. Evaporation of water concentrates the remaining solution beyond its saturation 
point at the crystallizer temperature and causes crystallization of NaCl. The crystallizer product is 
a slurry of solute crystals suspended in a saturated solution at 80°C. The unit is to produce 1000 kg 
NaCl(s)/h. The solubility of NaCl in water is given by Figure 6.5-1. 

(a) Derive expressions for the required rate of evaporation of water (kg/h) and the mass flow rate 
of solution in the exit slurry in terms of the mass flow rate of the feed stream to the crystallizer- 
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Determine the minimum possible feed rate (explain why it is the minimum rate) and the corre¬ 
sponding values of the evaporation rate and exit solution flow rate. 

(b) The pump that conveys the exit slurry from the crystallizer to a downstream filter cannot handle 
material containing more than 40 wt% solids. Determine the maximum feed rate to the crystal¬ 
lizer and the corresponding evaporation rate. 

6.80. Potassium dichromate (K 2 Cr 2 0?) is to be recovered from a 21 wt% aqueous solution in a continuous 
crystallization operation. The solution is joined by a recycle stream and fed to a vacuum evapora¬ 
tor where water is removed and the remaining solution is cooled to 30° C, at which temperature the 
solubility of the salt is 0.20 kg K 2 Cr20 7 /kg H 2 0. The solution and suspended potassium dichromate 
crystals flow to a centrifuge. The crystals and 5.0% of the solution constitute the solid effluent from 
the centrifuge, and the remaining solution is recycled to the evaporator. The solid effluent, which 
contains 90 wt% crystals and 10% entrained solution, is fed to a dryer, where it is contacted with 
hot air. The remaining water in the effluent is evaporated, leaving pure potassium dichromate crys¬ 
tals. The air leaves the dryer at 90°C and 1 atm with a dew point of 39.2°C. For a production rate of 
1000 kg solid K 2 Cr 2 07 /h. calculate the required feed rate (kg/h) of 21% solution, the rate of evapo¬ 
ration of water in the evaporator (kg/h), the flow rate (kg/h) of the recycle stream, and the feed rate 
of air (standard liters/h). 

6.81. Sodium bicarbonate is synthesized by reacting sodium carbonate with carbon dioxide and water at 
70°C and 2.0 atm gauge: 

Na 2 C0 3 + C0 2 + H 2 0 -» 2 NaHC0 3 

An aqueous solution containing 7.00 wt% sodium carbonate and a gas stream containing 70.0 mole% 
C0 2 and the balance air are fed to the reactor. All of the sodium carbonate and some of the carbon 
dioxide in the feed react. The gas leaving the reactor, which contains the air and unreacted C0 2 , is 
saturated with water vapor at the reactor conditions. A liquid-solid slurry of sodium bicarbonate 
crystals in a saturated aqueous solution containing 2.4 wt% dissolved sodium bicarbonate and no 
dissolved C0 2 leaves the reactor and is pumped to a filter. The wet filter cake contains 86 wt% 
sodium bicarbonate crystals and the balance saturated solution, and the filtrate is also saturated 
solution. The production rate of solid crystals is 500 kg/h. 

Suggestion: Although the problems to be given can be solved in terms of the product flow rate 
of 500 kg NaHC0 3 (s)/h, it might be easier to assume a different basis and then scale the process to 
the desired production rate of crystals. 

(a) Calculate the composition (component mole fractions) and volumetric flow rate (m 3 /min) of the 
gas stream leaving the reactor. 

(b) Calculate the feed rate of gas to the process in standard cubic meters/min [m 3 (STP)/min]. 

(c) Calculate the flow rate (kg/h) of the liquid feed to the process. What more would you need to 
know to calculate the volumetric flow rate of this stream? 

(d) The filtrate was assumed to leave the filter as a saturated solution at 70°C. What would be the 
effect on your calculations if the temperature of the filtrate actually dropped to 50°C as it passed 
through the filter? 

(e) The reactor pressure of 2 atm gauge was arrived at in an optimization study. What benefit do 
you suppose would result from increasing the pressure? What penalty would be associated with 
this increase? The term “Henry’s law” should appear in your explanation. (Hint: The reaction 
occurs in the liquid phase and the C0 2 enters the reactor as a gas. What step must precede the 
reaction?) 

6.82. An ore containing 90 wt% MgS0 4 - 7H 2 0 and the balance insoluble minerals is fed to a dissolution 
tank at a rate of 60,000 lb m /h along with fresh water and a recycle stream. The tank contents are 
heated to 110°F, causing all of the magnesium sulfate heptahydrate in the ore to dissolve, forming 
a saturated solution. The resulting slurry of the insoluble minerals in saturated MgS0 4 solution is 
pumped to a heated filter, where a wet filter cake is separated from a solids-free filtrate. The filter 
cake retains 5 lb m of saturated solution per 100 lb m of minerals. The filtrate is sent to a crystallizer in 
which the temperature is reduced to 50°F, producing a slurry of MgS0 4 -7H 2 0 crystals in a saturated 
solution that is sent to another filter. The product filter cake contains all of the crystals and entrained 
solution, again in a ratio of 5 lb m solution per 100 lb m crystals. The filtrate from this filter is returned 
to the dissolution tank as the recycle stream. 

Solubility data: Saturated magnesium sulfate solutions at HOT and 50°F contain 32 wt% 
MgS0 4 and 23 wt% MgSO it respectively. 
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60,000 ib m ore/h 
90% MgS0 4 -7H,Q/h 



(a) Explain why the solution is first heated (in the dissolution tank) and filtered and then cooled (in 
the crystallizer) and filtered. 

(b) Calculate the production rate of crystals and the required feed rate of fresh water to the disso¬ 
lution tank. (Note: Don’t forget to include water of hydration when you write a mass balance 
on water.) 

(c) Calculate the ratio lb m recycle/lb m makeup water. 

6.83. An aqueous waste stream leaving a process contains 10.0 wt% sulfuric acid and 1 kg nitric acid per kg 
sulfuric acid. The flow rate of sulfuric acid in the waste stream is 1000 kg/h. The acids are neutralized 
before being sent to a wastewater treatment facility by combining the waste stream with an aqueous 
slurry of solid calcium carbonate that contains 2 kg of recycled liquid per kg solid calcium carbonate. 
(The source of the recycled liquid will be given later in the process description.) 

The following neutralization reactions occur in the reactor: 

CaC0 3 + H 2 S0 4 -» CaS0 4 + H 2 0 + C0 2 
CaC0 3 + 2 HNOj -» Ca(N0 3 ) 2 + H 2 0 + C0 2 

The sulfuric and nitric acids and calcium carbonate fed to the reactor are completely consumed. The 
carbon dioxide leaving the reactor is compressed to 30 atm absolute and 40°C and sent elsewhere 
in the plant. The remaining reactor effluents are sent to a crystallizer operating at 30°C, at which 
temperature the solubility of calcium sulfate is 2.0 g CaS0 4 /1000 g H 2 0, Calcium sulfate crystals 
form in the crystallizer and all other species remain in solution. 

The slurry leaving the crystallizer is filtered to produce (i) a filter cake containing 96% calcium 
sulfate crystals and the remainder entrained saturated calcium sulfate solution, and (ii) a filtrate 
solution saturated with CaS0 4 at 30°C that also contains dissolved calcium nitrate. The filtrate is 
split, with a portion being recycled to mix with the solid calcium carbonate to form the siurry fed to 
the reactor, and the remainder being sent to the wastewater treatment facility. 

(a) Draw and completely label a flowchart for this process. 

(b) Speculate on why the acids must be neutralized before being sent to the wastewater treatment 
facility. 

(c) Calculate the mass flow rates (kg/h) of the calcium carbonate fed to the process and of the filter 
cake; also determine the mass flow rates and compositions of the solution sent to the wastewater 
facility and of the recycle stream. ( Caution: If you write a water balance around the reactor or 
the overall system, remember that water is a reaction product and not just an inert solvent.) 

(d) Calculate the volumetric flow rate (L/h) of the carbon dioxide leaving the process at 30 atm 
absolute and 40°C. Do not assume ideal gas behavior. 

(e) The solubility of Ca(N0 3 ) 2 at 30°C is 152.6 kg Ca(NQ 3 ) 2 per 100 kg H 2 0. What is the maxi¬ 
mum ratio of nitric acid to sulfuric acid in the feed that can be tolerated without encountering 
difficulties associated with contamination of the calcium sulfate by-product by Ca(N0 3 ) 2 ? 

6.84. A solution of diphenyl (MW = 154.2) in benzene is formed by mixing 56.0 g diphenyl with 550.0 
mL of benzene. Estimate the effective vapor pressure of the solution at 30°C and the melting and 
boiling points of the solution at 1 atm. 

6.85. An aqueous solution of urea (MW = 60.06) freezes at -4.6°C and 1 atm. Estimate the normal 
boiling point of the solution; then calculate the mass of urea (grams) that would have to be added 
to 1.00 kg of water to raise the normal boiling point by 3°C. 

6.86. A solution is prepared by dissolving 0.5150 g of a solute (MW = 110.1) in 100.0 g of an organic sol¬ 
vent (MW = 94.10). The solution is observed to have a freezing point 0.41°C below that of the pure 
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solvent. A second solution is prepared by dissolving 0.4460 g of a solute having an unknown molec¬ 
ular weight in 95.60 g of the original solvent, A freezing point depression of 0.49°C is observed. 
Determine the molecular weight of the second solute and the heat of fusion (kJ/mol) of the solvent. 
The melting point of the pure solvent is -5.000°C. 

6.87. Derive Equation 6.5-4 for the boiling-point elevation of a dilute solution of a nonvolatile solute 
with mole fraction x in a solvent that has a pure-component vapor pressure p*(T). To do so, suppose 
that when the pressure is P 0 , the pure solvent boils at temperature T w [so that P 0 = P s *(7bo)] and 
the solvent in the solution boils at Tbs > Pbo- Further suppose that at temperature Tbo the effective 
vapor pressure of the solvent is P, = (pj)e(Tbo) < Po- (See diagram.) 



• 

Equipment 

Encyclopedia 

extractor 


The procedure is as follows. 

(a) Write the Clausius-Clapeyron equation (Equation 6.1-3) for P ! s (the effective solvent vapor 
pressure at Tbo) and then for P 0 (the effective solvent vapor pressure at T bs ), assuming that 
at the low solute concentrations in question the heat of vaporization is the same at both temper¬ 
atures. Subtract the two equations. Simplify the equation algebraically, assuming that Tbo and 
Tbs are close enough together to say that T M T bs ~ Tg,,. 

(b) Substitute the Raoult’s law expression (Equation 6.5-2) for P s = (PsM^o)- Observe that if 
x <tc 1 (which it is for highly dilute solutions), then ln(l - x) ~ -x. The desired result follows. 

6.88. The distribution coefficient of styrene distributed between ethylbenzene and ethylene glycol at 25° C 
is 0.19 mass fraction in the ethylene glycol phase per mass fraction in the ethylbenzene phase. One 
hundred grams of pure ethyiene glycol is added to 120 g of a mixture containing containing 75 wt% 
ethylbenzene and 25% styrene, and the resulting blend is allowed to equilibrate. How much styrene 
transfers to the ethylene glycol phase, assuming that ethylene gylcol and ethylbenzene are immis¬ 
cible? 

6.89. A stream of 5.00 wt% oleic acid in cottonseed oil enters an extraction unit at a rate of 100.0 kg/h. The 
unit operates as an equilibrium stage (the streams leaving the unit are in equilibrium) at 85°C. At this 
temperature, propane and cottonseed oil are essentially immiscible, and the distribution coefficient 
(oleic acid mass fraction in propane/oleic acid mass fraction in cottonseed oil) is 0.15. 

(a) Calculate the rate at which liquid propane must be fed to the unit to extract 90% of the oleic 

acid. . 

(b) Estimate the minimum operating pressure of the extraction unit (i.e., the pressure required to 

keep the propane liquid at 85°C). 

(c) High-pressure operation is costly and introduces potential safety hazards. Suggest two possible 
reasons for using propane as the solvent when other less volatile hydrocarbons are equally good 
solvents for oleic acid. 

6.90. Benzene and hexane are being considered as solvents to extract acetic acid from aqueous mixtures. 
At 30°C distribution coefficients for the two solvents are Kb = 0.098 mass fraction acetic acid in 
benzene/mass fraction acetic acid in water and K H = 0.017 mass fraction acetic acid in hexane/mass 
fraction acetic acid in water. 

(a) Based on the distribution coefficients only, which of the two solvents would you use and why. 
Demonstrate the logic of your decision by comparing the quantities of the two solvents required 
to reduce the acetic acid content in 100 kg of an aqueous solution from 30 wt% to 10 wt%. 

(b) What other factors may be important in choosing between benzene and cyclohexane? 
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6.91. Acetone is to be extracted with n-hexane from a 40.0 wt% acetone-60.0 wt% water mixture at 25°Q 
The acetone distribution coefficient (mass fraction acetone in the hexane-rich phase/mass fraction 
acetone in the water-rich phase) is 0.343. !3 Water and hexane may be considered immiscible. Three 
different processing alternatives are to be considered: a two-stage process and two single-stage pro¬ 
cesses. 

(a) In the first stage of the proposed two-stage process, equal masses of the feed mixture and pure 
hexane are blended vigorously and then allowed to settle. The organic phase is withdrawn and 
the aqueous phase is mixed with 75% of the amount of hexane added in the first stage. The 
mixture is allowed to settle and the two phases are separated. What percentage of the acetone 
in the original feed solution remains in the water at the end of the process? 

(b) Suppose all of the hexane added in the two-stage process of part (a) is instead added to the 
feed mixture and the process is carried out in a single equilibrium stage. What percentage of the 
acetone in the feed solution remains in the water at the end of the process? 

(c) Finally, suppose a single-stage process is used but it is desired to reduce the acetone content of 
the water to the final value of part (a). How much hexane must be added to the feed solution? 

(d) Under what circumstances would each of the three processes be the most cost-effective? What 
additional information would you need to make the choice? 

6.92. Penicillin is produced by fermentation and recovered from the resulting aqueous broth by extraction 
with butyl acetate. The penicillin distribution coefficient K (mass fraction of penicillin in the butyl 
acetate phase/mass fraction of penicillin in the water phase) depends strongly on the pH in the 
aqueous phase: 


pH 

2.1 

4.4 

5.8 

K 

25.0 

1.38 

0.10 


This dependence provides the basis for the process to be described. Water and butyl acetate may be 
considered immiscibile. 

The extraction is performed in the following three-unit process: 



• Broth from a fermentor containing dissolved penicillin, other dissolved impurities, and water is 
acidified in a mixing tank. The acidified broth, which contains 1.5 wt% penicillin, is contacted with 
liquid butyl acetate in an extraction unit consisting of a mixer, in which the aqueous and organic 
phases are brought into intimate contact with each other, followed by a settling tank, in which the 
two phases separate under the influence of gravity. The pH of the aqueous phase in the extraction 
unit equals 2.1. In the mixer 90% of the penicillin in the feed broth transfers from the aqueous 
phase to the organic phase. 

• The two streams leaving the settler are in equilibrium with each other—that is, the ratio of the 
penicillin mass fractions in the two phases equals the value of K corresponding to the pH of 
the aqueous phase (= 2.1 in Unit 1). The impurities in the feed broth remain in the aqueous 
phase. The raffinate (by definition, the product stream containing the feed-solution solvent) leav- 


Perry’s Chemical Engineers’ Handbook, 7th Edition, McGraw-Hill, New York, 1997. 
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ine Extraction Unit 1 is sent elsewhere for further processing, and the organic extract (the product 
stream containing the extracting solvent) is sent to a second mixer-settler unit 
. In the second unit, the organic solution fed to the mixing stage is contacted wth an^kahne aque¬ 
ous solution that adjusts the pH of the aqueous phase m the unit to 5.8. In the mixer, 90 /o of 
the penicillin entering in the organic feed solution transfers to tte 

the two streams emerging from the settler are in equilibrium. The aqueous extract the process 

product. acidified broth fed to the first extraction unit, draw and completely 

<*> It? flowchart “hi J2S55 out .he degree^f-freedom analysis to show rha. all 
abe ed variables can be determined. (Suggestion: Consider the combination of water, impuri¬ 
ties and acid as a single species and the alkaline solution as a second single species, since the 
components of these “pseudospecies'’ always stay together m the process.) 

(b) Calculate the ratios (kg butyl acetate required/kg acidified broth) and (kg alkaline solution re¬ 
quired/kg acidified broth) and the mass fraction of penicillin in the product solution. 

(c) Briefly explain the following: 

m What is the likely reason for transferring most of the penicillin from an aqueous phase to an 
w ^ic pLe and then transferring most of if back to an aqueous phase, when each transfer 

leads to a loss of some of the drug? , 

(ii) What is the purpose of acidifying the broth prior to the first extraction stage, and why is 
solution added to the second unit a base? , , 

(Hi) Why are die two "raffinates" in the process the aqueous phase leaving the first unit and the 
( orga^ phase leaving the second unit, and vice versa for the “extracts ’? (Look again at the 
definitions of these terms.) 

A mixture of 20 wt% water. 33% acetone, and the remainder methyl isobutyl ketone is brought 
at 25°C. If the total mass of the system is 1.2 kg, use the data » Figure 6.6-1 
to estimate the composition and mass of each phase of the mixture. 

Five kilograms of a 30 wt% acetone-70% water mixture is added to 3.5 kg of a 20 wt% acet ° ne “^,° 
MIBK mixture at 25°C. Use Figure 6.6-1 to estimate the mass and composition of each phase 

resulting mixture. 

Au aqueous acetone solu.km is fed a. a rate of 32.0 lb. fh .0 a stirred tank. Asfeeam opure^methy 1 
isobutvl ketone is also fed to the tank, and the resultrag mature ,s sent to a settle al g £ 

One of the phases formed has a flow rate of 41.0 lb m /h and contains 70 wt k MIBK. Use hgure 
° 6 -l to determine the flow rate and composition of the second product stream and the rate at which 

MIBK is fed to the unit. 

6.96. Two systems contain water, acetone, and methyl isobutvl ketone inequffbnm « -5 C The first q* 
tern contains equal masses of the three species, and the second one contains 9.0 /o ace one, 21 U A 
water and 70.0% MIBK by mass. Let ^ and x s . org , respectively, denote the massfractionsoface- 
tone in the aqueous phase (the phase that contains most of the water m the system) and the organic 
phase (the phase that contains most of the MIBK), and let x*. aq and x w ,or g denote t e mass rac ion 

(a) W Use Figuree^ftowtimate the mass and composition (component mass fractions) of each 

(b) in the organic phase relative to the aqueo. 

* * . . , v — v If a process is being designed to extract acetone from 

oneofTheTwoTohTn’ts (waterTnd MIBK) to the other one, when would a high value of K> be 

(c) D^mmTthe^lecZu^^ of acetone relative to water in the two systems, where 

(mass fraction acetone/mass fraction wa ter) extr act phase 
Pa* = ^ mass fraction acetone/mass fraction water), a ffinate phase 

What would be the value of ft. if water and MIBK were completely immiscible? 

(d) Express the selectivity ft., in terms of the distribution coefficients of acetone and water, K, 

given in part (c).] If MIBK is being used to extract acetone from 
an aqueous phase, under what circumstances might it be important to have a very high value 
ft., even if it means that less acetone is being extracted? 


6.93. 


6.94. 


6.95. 
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6.97. Water is used to extract acetone from a 30 wt% acetone-70% MIBK mixture flowing at a rate of 200 
kg/h. Two equilibrium stages at 25°C are used as shown in the following diagram. If 300 kg H 2 0/h is 
fed to each extraction unit, what fraction of the acetone in the feed solution would be removed and 
what would be the composition of the combined extract? 


300 kg HjO/h 


1300 kg H 



EXTRACTION 


EXTRACTION 


Feed 

UNIT 1 


UNIT 2 

Raffinate 

30% Acetone 
70% MIBK 

[ _ 


i 



Combined 

extract 


6.98. Air at 25°C and 1 atm with a relative humidity of 25% is to be dehumidified in an adsorption column 
packed with silica gel. The equilibrium adsorptivity of water on silica gel is given by the expression 14 


X*(kg water/100 kg silica gel) = 12.5 

Ph 2 o 


where ph 2 o is the partial pressure of water in the gas contacting the silica gel and p\ h0 is the vapor 
pressure of water at the system temperature. Air is fed to the column at a rate of 1.50 L/min until 
the silica gel is saturated (i.e., until it reaches equilibrium with the feed air), at which point the flow 
is stopped and the silica gel replaced. 

(a) Calculate the minimum amount of silica gel needed in the column if replacement is to take place 
no more frequently than every two hours. State any assumptions you make. 

(b) Briefly describe this process in terms that a high school student would have no trouble under¬ 
standing. (What is the process designed to do, what happens within the column, and why is 
replacement of the column packing necessary?) 

6.99. A 50.0-L tank contains an air-carbon tetrachloride gas mixture at an absolute pressure of 
1 atm, a temperature of 34° C, and a relative saturation of 30%. Activated carbon is added to 
the tank to remove the CCU from the gas by adsorption and the tank is then sealed. The volume of 
added activated carbon may be assumed negligible in comparison to the tank volume. 

(a) Calculate p C ci 4 at the moment the tank is sealed, assuming ideal gas behavior and neglecting 
adsorption that occurs prior to sealing. 

(b) Calculate the total pressure in the tank and the partial pressure of carbon tetrachloride at a point 
when half of the CCU initially in the tank has been adsorbed. Note: It was shown in Example 
6.7-1 that at 34°C 


I g CCU adsorbed \ 
\ g carbon ) 


0.0762/?cci 4 
1 + 0.096pca 4 


where pcci 4 is the partial pressure (mm Hg) of carbon tetrachloride in the gas contacting the 
carbon. 

(c) How much activated carbon must be added to the tank to reduce the mole fraction of CCU in 
the gas to 0.001? 


6.100. The following equilibrium data 15 have been obtained for the adsorption of nitrogen dioxide, NO 2 , 
on silica gel at 25°C and 1 atm: 


p N 02 (mm Hg) 

0 

2 

4 

6 

8 

10 

12 

X*(kg NO 2 /100 kg silica gel) 

0 

J±J 

0.9 

1.65 

2.60 

3.65 

4.85 


(a) Confirm that these data are reasonably correlated by the Freundlich isotherm 

** = KfI&h 


l4 R. Yang, Gas Separation by Adsorption Processes, Butterworths, London. 1987, p. 13. 

1S Adapted from R. E. Treybal, Mass-Transfer Operations, 3rd Edition, McGraw-Hill, New York. 1980, p. 653. 
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and determine the values of K? and 0 that provide the best correlation. (Use one of the graphical 
methods introduced in Section 2.7c.) 

(b) The adsorption column shown in the figure below has an internal diameter of 10.0 cm and a bed 
height of 100 m. The bed of silica gel has a bulk density of 0.75 kg/L. The adsorber is to remove 
NCh from a stream containing 1.0 mole% N0 2 and the balance air that enters the adsorber at 
8.00 kg/h. The pressure and temperature are maintained at 1 atm and 25°C. Past experience with 
this system has shown that a plot of the partial pressure ratio [(pNo 2 )outW(PNa 2 )u.i e «] versus time 
produces a breakthrough curve with the following appearance. 


Inlet gas 
8 kg/min 



Outlet gas 


• 

Equipment 

Encyclopedia 

adsorber 


Using the isotherm derived in part (a), determine the time (in min) required for breakthrough 

of the N0 2 . , ... 

(c) Silica gel in the column can be regenerated (i.e., adsorbed NO z can be removed so that the silica 
gel column can be reused) by elevating the bed temperature and/or purging the bed with clean 
air. Suppose such a regeneration process requires 1.5 hours to accomplish. Process shutdowns 
can be avoided by installing several silica gel columns in parallel, using one to carry out the 
purification while the others are being regenerated. What is the minimum number of columns 
required to achieve continuous process operation? 

6101. Various amounts of activated carbon were added to a fixed amount of raw cane sugar solution^(48 
wt% sucrose in water) at 80°C. A colorimeter was used to measure the color of the solutions. R. which 
is proportional to the concentration of trace unknown impurities in the solution. The following data 
were obtained (See footnote 15, p. 654.) 


kg carbon/kg drv sucrose 

0 

0.005 

0.010 

0.015 

0.020 

0.030 | 

j -—- 

R (color units/kg sucrose) 

20.0 

10.6 

6.0 

3.4 

2.0 

1.0 i 


The reduction in color units is a measure of the mass of impurities (the adsorbate) adsorbed on the 
carbon (the adsorbent). 

(a) The general form of the Freundlich isotherm is 

x; = K F cf 

where X* is the mass of i adsorbed/mass of adsorbent and c, is the concentration of i in solution. 
Demonstrate that the Freundlich isotherm may be formulated for the system described above 
as 

0 = KpR& 

where i? is the % removal of color / [mass of carbon / mass of dissolved sucrose]. Then determine 
Kp and 0 by fitting this expression to the given data, using one of the graphical methods m 

(b) Calculate the amount of carbon that would have to be added to a vat containing 1000 kg of the 
48 wt% sugar solution at 80°C for a reduction in color content to 2.5% of the original value. 
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Chapter 



Energy and Energy Balances 


Energy is expensive. We have not yet learned how to use efficiently the seemingly endless 
supply of “free” energy provided by the sun, winds, and tides; nuclear power generation is 
feasible, but the need for safe disposal of radioactive wastes from nuclear reactors is a serious 
unresolved problem; and there are not nearly enough waterfalls and dams to provide sufficient 
hydroelectric power to meet the world’s energy needs. This leaves us with fuel combustion— 
burning a combustible gas, oil, or solid fuel, and using the energy released as a source of thermal 
or (indirectly) electrical energy. 

Process industries have always recognized that wasting energy leads to reduced profits, but 
throughout most of this century the cost of energy was often an insignificant part of the overall 
process cost, and gross operational inefficiencies were tolerated. In the 1970s, a sharp increase 
in the price of natural gas and petroleum raised the cost of energy severalfold and intensified 
the need to eliminate unnecessary energy consumption. If a plant uses more energy than its 
competitors, its product could be priced out of the marketplace. 

As an engineer designing a process, one of your principal jobs would be to account carefully 
for the energy that flows into and out of each process unit and to determine the overall energy 
requirement for the process. You would do this by writing energy balances on the process, in 
much the same way that you write material balances to account for the mass flows to and from 
the process and its units. Typical problems that may be solved using energy balances include 
the following: 

1. How much power (energy/time) is required to pump 1250 m 3 /h of water from a storage 
vessel to a process unit? (The answer determines the size of the required pump motor.) 

2. How much energy is required to convert 2000 kg of water at 30°C to steam at 180°C? 

3. A hydrocarbon mixture is distilled, producing a liquid and a vapor stream, each with a 
known or calculable flow rate and composition. The energy input to the distillation column 
is provided by condensing saturated steam at a pressure of 15 bar. At what rate must steam 
be supplied to process 2000 mol/h of the feed mixture? 

4. A highly exothermic chemical reaction A —*■ B takes place in a continuous reactor. If a 
75% conversion of A is to be achieved, at what rate must energy be transferred from the 
reactor to keep the contents at a constant temperature? 

5. How much coal must be burned each day to produce enough energy to generate the steam 
to run the turbines to produce enough electricity to meet the daily power requirements 
of a city of 500,000 people? 

6. A chemical process consists of four reactors, 25 pumps, and a number of compressors, 
distillation columns, mixing tanks, evaporators, filter presses, and other materials handling 
and separation units. Each individual unit either requires or releases energy. 
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(a) How can the process operation be designed to minimize the total energy require¬ 
ment? (For example, can the energy released by an energy-emitting process unit be 
transferred to an energy-absorbing process unit?) 

(b) What is the total energy requirement for the process as it is finally designed, and how 
much will it cost to provide this energy? (The answer could determine whether or not 
the process is economically feasible.) 

In this chapter we show how energy balances are formulated and applied. Section 7.1 de¬ 
fines the types of energy a process system can possess and the ways in which energy can be 
transferred to and from a system. Section 7.2 reviews the procedure for calculating the ki¬ 
netic energy and gravitational potential energy of a process stream. Sections 7.3 and 7.4 derive 
the general energy balance equation for closed (batch) systems and open (semibatch and con¬ 
tinuous) systems, and various applications of these equations are illustrated in Sections 7.5 
through 7.7. 

7.0 INSTRUCTIONAL OBJECTIVES 

After completing this chapter, you should be able to do the following: 

• List and define in your own words the three components of the total energy of a process 
system and the two forms of energy transfer between a system and its surroundings. State 
the conditions under which heat and work are positive. Convert an energy or power (en¬ 
ergy/time) expressed in any unit (e.g., J, dyne-cm, Btu, ft lb f /h, kW, hp) to its equivalent in 
any other dimensionally consistent units. 

• Calculate the kinetic energy of a body of mass m moving with velocity u or the rate of trans¬ 
port of kinetic energy by a stream moving with mass flow rate m and velocity u. Calculate 
the gravitational potential energy of a body of mass m at elevation z or the rate of trans¬ 
port of gravitational potential energy by a stream moving with mass flow rate m at elevation 
z , where z is height above a reference plane at which potential energy is defined to equal 
zero. 

• Define the terms closed process system, open process system, isothermal process, and adi¬ 
abatic process. Write the first law of thermodynamics (the energy balance equation) for a 
closed process system and state the conditions under which each of the five terms in the bal¬ 
ance can be neglected. Given a description of a closed process system, simplify the energy 
balance and solve it for whichever term is not specified in the process description. 

• Define the terms flow work, shaft work, specific internal energy, specific volume, and specific 
enthalpy. Write the energy balance for an open process system in terms of enthalpy and shaft 
work and state the conditions under which each of the five terms can be neglected. Given a 
description of an open process system, simplify the energy balance and solve it for whichever 
term is not specified in the process description. 

• State why the actual values of 0 and H can never be known for a given species in a specified 
state (temperature, pressure, and phase) and define the concept of a reference state. Explain 
in your own terms the statement, “The specific enthalpy of CO(g) at 100°C and 0.5 atm rel¬ 
ative to CO(g) at 500°C and 1 atm is -12,141 J/mol.” (Your explanation should involve a 
process in which carbon monoxide gas goes from one state to another.) 

• Explain why the reference state used to generate a table of specific internal energies or en¬ 
thalpies is irrelevant if one is only interested in calculating MJ or AH for a process. (The term 
“state property” should appear in your explanation.) 

• Given a process in which a specified mass m of a species goes from one state to another and 
tabulated values of U or H for the species at the initial and final states are available, calculate 
AU or AH. Given values of V at each state, calculate AH from the previously calculated AV 
or vice versa. Carry out the corresponding calculations to determine AU and AH for a stream 
with mass flow rate m going from one state to another. 
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• Use the saturated and superheated steam tables (Tables B.5, B.6, and B.7) to determine 
(a) whether water at a specified temperature and pressure is liquid, saturated vapor, or su¬ 
perheated vapor; (b) the specific volume, specific internal energy, and specific enthalpy of 
liquid water or steam at a specified temperature and pressure; (c) the vapor pressure of wa¬ 
ter at a specified temperature; (d) the boiling point of water at a specified pressure; and (e) 
the dew point of superheated steam at a specified pressure. 

• Explain the significance of the specific internal energies and enthalpies tabulated in the steam 
tables (B.5, B.6, and B.7), remembering that we can never know the true values of either 
variable in a given state. Given any process in which a specified mass (or mass flow rate) of 
water changes from one state to another, use the steam tables to calculate AU (or At/) and/or 
A H (or AH). 

• Given a description of any nonreactive process for which tabulated specific internal ener¬ 
gies or specific enthalpies are available at all input and output states for all process species, 
(a) draw and completely label a flowchart, including Q and W (or Q and VV S for an open 
system) if their values are either specified or called for in a problem statement; (b) perform 
a degree-of-freedom analysis; and (c) write the necessary equations (including the appropri¬ 
ately simplified energy balance) to determine all requested variables. 

• Starting with the open system balance equation, derive the steady-state mechanical energy 
balance equation (Equation 7.7-2) for an incompressible fluid and simplify the equation fur¬ 
ther to derive the Bernoulli equation. List all the assumptions made in the derivation of the 
latter equation. 

• Given fluid conditions (pressure, flow rate, velocity, elevation) at the inlet and outlet of an 
open system and values of friction loss and shaft work within the system, substitute known 
quantities into the mechanical energy balance (or the Bernoulli equation if friction loss and 
shaft work can be neglected) and solve the equation for whichever variable is unknown. 


7.1 FORMS OF ENERGY: THE FIRST LAW OF THERMODYNAMICS 

The total energy of a system has three components: 

1. Kinetic energy: Energy due to the translational motion of the system as a whole relative 
to some frame of reference (usually the earth’s surface) or to rotation of the system about 
some axis. In this text, we will deal only with translational kinetic energy. 

2. Potential energy: Energy due to the position of the system in a potential field (such as 
a gravitational or electromagnetic field). In this text, we will deal only with gravitational 
potential energy. 

3. Internal energy: All energy possessed by a system other than kinetic and potential energy, 
such as energy due to the motion of molecules relative to the center of mass of the sys¬ 
tem, to the rotational and vibrational motion and the electromagnetic interactions of the 
molecules, and to the motion and interactions of the atomic and subatomic constituents 
of the molecules. 

Suppose a process system is dosed, meaning that no mass is transferred across its bound¬ 
aries while the process is taking place. Energy may be transferred between such a system and 
its surroundings in two ways: 

1. As heat, or energy that flows as a result of temperature difference between a system and 
its surroundings. The direction of flow is always from a higher temperature to a lower one. 
Heat is defined as positive when it is transferred to the system from the surroundings. 

2. As work, or energy that flows in response to any driving force other than a temperature 
difference, such as a force, a torque, or a voltage. For example, if a gas in a cylinder expands 
and moves a piston against a restraining force, the gas does work on the piston (energy 
is transferred as work from the gas to its surroundings, which include the piston). In this 
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TEST 

YOURSELF 
(Answers, p. 659) 


text, work is defined as positive when it is done by the system on the surroundings. {Note: 
The opposite sign convention is sometimes used. The choice is arbitrary, as long as it is 
used consistently; however, to avoid confusion when reading thermodynamics references, 
you should be sure which convention has been adopted.) 

The terms “work” and “heat” refer only to energy that is being transferred: you can speak 
of the heat or work added to a system or given off by a system, but it is meaningless to speak 
of the heat or work possessed by or contained within a system. 

Energy, like work, has units of force times distance: for example, joules (N-m), ergs 
(dyne-cm), and ft-lbf, It is also common to use energy units defined in terms of the amount of 
heat that must be transferred to a specified mass of water to raise the temperature of the water 
by a specified temperature interval at a constant pressure of 1 atm. The most common of these 
units are tabulated here. 


Unit 

Symbol 

Mass of 
Water 

Temperature 

Interval 

Kilogram-calorie or kilocalorie 

kcal 

1 kg 

15°C to 16°C 

Gram-calorie or calorie 

cal 

1 g 

15°C to 16°C 

British thermal unit 

Btu 

llb m 

60°F to 61°F 


Conversion between these and other energy units may be performed using the conversion fac¬ 
tors in the table on the inside front cover. 

The principle that underlies all energy balances is the law of conservation of energy, which 
states that energy can neither be created nor destroyed. This law is also called the first law of 
thermodynamics. In its most general form, the first law states that the rate at which energy 
(kinetic + potential + internal) is carried into a system by the input streams, plus the rate at 
which it enters as heat, minus the rate at which it is transported out of the system by the output 
streams, minus the rate at which it leaves as work, equals the rate of accumulation of energy in 
the system. (That is, accumulation = input - output, as would be expected.) 

Instead of presenting the equation in its most general form at this point, we will build up 
to it in stages. The next section reviews how to evaluate the kinetic and potential energies of an 
object and shows how the calculation can readily be extended to determine the rates at which 
kinetic and potential energies are transported by a flowing stream. Section 7.3 presents an inte¬ 
grated form of the transient balance equation that describes the behavior of a system between 
an initial state and a final state. This form of the equation is particularly useful for analyzing 
batch process systems. In Section 7.4 the first law is developed for a continuous steady-state 
process. 

Most process systems are conveniently analyzed using one of the two forms of the energy 
balance equation presented in Sections 7.3 and 7.4. To perform energy balance calculations on 
other types of processes, such as semibatch processes or continuous processes that are being 
started up or shut down, the full transient energy balance equation is required. This equation 
is discussed in an introductory fashion in Chapter 11. A more thorough treatment of the full 
equation is deferred to thermodynamics courses and texts. 


1. What forms of energy may a system possess? In what forms may energy be transferred to 
and from a closed system? 

2. Why is it meaningless to speak of the heat possessed by a system? 

3. Suppose the initial energy of a system (internal + kinetic + potential) is E\, the final 
energy is E f , an amount of energy Q is transferred from the environment to the system 
as heat, and an amount W is transferred from the system to the environment as work. 
According to the first law of thermodynamics, how must E u E { , Q, and W be related? 
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The kinetic energy, £k(J), of an object of mass m(kg) moving with velocity u(mJs) relative to 
the surface of the earth is 

£ k = jmu 2 (7.2-la) 

If a fluid enters a system with a mass flow rate m(kg/s) and uniform velocity u(m/s), then 

4 = S'™ 2 (7.2-lb) 

£k(J/s) may be thought of as the rate at which kinetic energy is transported into the system by 
the fluid. 
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Kinetic Energy Transported by a Flowing Stream 

Water flows into a process unit through a 2-cm ID pipe at a rate of 2.00 m 3 /h. Calculate E t for this 
stream in joules/second. 


SOLUTION 


First calculate the linear velocity (which equals the volumetric flow rate divided by the cross- 
sectional area of the pipe) and the mass flow rate of the fluid: 


2.00 m 3 
u = .. 

100 2 cm 2 


lh 

h 

. 2.00 m 3 

ffl 35S 

l 2 m 2 

1000 kg 

ir(l) 2 cm 2 

n. 

3600 s 

l"rr/e 

h j 

m 3 

3600 s 


• = 1.77 m/s 


Then, from Equation 7.2-lb 

i 

E k - ■ 


0.556 kg/s 

(1.77) 2 m 2 

IN 

2 

s 2 

1 kg-m/s 2 


■ = 0.870 N-m/s = 


0.870 J/s 


The gravitational potential energy of an object of mass m is 

E p = mgz (7.2-2a) 

where g is the acceleration of gravity and z is the height of the object above a reference plane 
at which Ep is arbitrarily defined to be zero. If a fluid enters a system with a mass flow rate m 
and an elevation z relative to the potential energy reference plane, then 

E P = mgz (7.2-2b) 

£ p (J/s) may be thought of as the rate at which gravitational potential energy is transported into 
the system by the fluid. Since we are normally interested in the change in potential energy when 
a body or fluid moves from one elevation to another [£ p2 - E pi = mg(z 2 - zi)], the elevation 
chosen as the reference plane does not matter. 



Potential Energy Increase of a Flowing Fluid 


Equipment 

Encyclopedia 

pump 


Crude oil is pumped at a rate of 15.0 kg/s from a point 220 meters below the earth's surface to a 
point 20 meters above ground level. Calculate the attendant rate of increase of potential energy. 
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SOLUTION Let subscripts 1 and 2 denote the first and second points, respectively: 

A£ p = £ pZ - £ P ! = mgizi - n) 


15.0 kg 

\Q 

bo 

3 

1 N 

[20 - (-220)] m 

s 

s 2 

1 kg-m/s 2 



= 35,300 N-m/s = | 35,300 J/s | 


The answer could also have been expressed as 35,300 W or 35.3 kW. A pump would have to deliver 
at least this much power to raise the oil at the given rate. 


TEST A gas flows through a long pipe of constant diameter. The outlet of the pipe is higher than the 

YOURSELF inlet, and the pressure of the gas at the outlet is less than the inlet pressure. The gas temperature 

(Answers, p. 659) is constant throughout the pipe and the system is at steady state. 

L How do the mass flow rates at the inlet and outlet compare? The densities? The volumetric 
flow rates? (Assume ideal gas behavior.) 

2. Is the change in potential energy of the gas from inlet to outlet positive, negative, or zero? 
What about the change in kinetic energy? 

7.3 ENERGY BALANCES ON CLOSED SYSTEMS 

A system is termed open or closed according to whether or not mass crosses the system bound¬ 
ary during the period of time covered by the energy balance. A batch process system is, by 
definition, closed, and semibatch and continuous systems are open. 

An integral energy balance may be derived for a closed system between two instants of 
time. Since energy can neither be created nor destroyed, the generation and consumption terms 
of the general balance (4.2-1) drop out, leaving 

accumulation = input — output (7.3-1) 

In deriving the integral mass balance for a closed system in Section 4.2c we eliminated the 
input and output terms, since by definition no mass crosses the boundaries of a closed system. It 
is possible, however, for energy to be transferred across the boundaries as heat or work, so that 
the right side of Equation 7.3-1 may not be eliminated automatically. As with mass balances, 
however, the accumulation term equals the final value of the balanced quantity (in this case, 
the system energy) minus the initial value of this quantity. Equation 7.3-1 may therefore be 
written 


Now 


final system _ initial system _ net energy transferred to 
energy energy the system (in - out) 


(7.3-2) 


initial system energy = U\ + E k i + £ pi 
final system energy = l/f + E k f + E p( 
energy transferred = Q-W 

where the subscripts i and f refer to the initial and final states of the system and U, E k , £ p , 
Q, and W represent internal energy, kinetic energy, potential energy, heat transferred to the 
system from its surroundings, and work done by the system on its surroundings. Equation 7.3-2 
then becomes 


(Ut - Ui) + (E w - £ k j) + (Epf - E pi ) = Q-W 


(7.3-3) 
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TEST 

YOURSELF 
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EXAMPLE 7.3-L 


SOLUTION 


or, if the symbol A is used to signify (final - initial). 


A U + AE k +AE p = Q-W 


OX-4) 


Equation 7.3-4 is the basic form of the first law of thermodynamics for a closed system. 

When applying this equation to a given process, you should be aware of the following points: 

1. The internal energy of a system depends almost entirely on the chemical composition, 
state of aggregation (solid, liquid, or gas), and temperature of the system materials. It is 
independent of pressure for ideal gases and nearly independent of pressure for liquids and 
solids. If no temperature changes, phase changes, or chemical reactions occur in a closed 
system and if pressure changes are less than a few atmospheres, then A U 0. 

2. If a system is not accelerating, then A £ k = 0. If a system is notrising or falling, then AE p = 0. 

3. If a system and its surroundings are at the same temperature or the system is perfectly insu¬ 
lated, then Q = 0. The process is then termed adiabatic. 

4. Work done on or by a closed system is accomplished by movement of the system boundary 
against a resisting force or the passage of an electrical current or radiation across the 
system boundary. Examples of the first type of work are motion of a piston or rotation of 
a shaft that projects through the system boundary. If there are no moving parts or electrical 
currents or radiation at the system boundary, then W = 0. 


1. What do the terms closed system and open system mean? What is an adiabatic process? 

2. If 250 J is added to a system as heat, what is the value of Q in the energy balance equation? 
If 250 J of work is done to the system, what is the value of W ? 

3. If a closed system has an internal energy of 100 kcal at the beginning of a process and 
50 kcal at the end. what is AU1 

4. Under what circumstances might U be considered independent of pressure for a pure 
substance? 


Energy Balance on a Closed System 

A gas is contained in a cylinder fitted with a movable piston. 



The initial gas temperature is 25°C. 

The cylinder is placed in boiling water with the piston held in a fixed position. Heat in the amount 
of 2.00 kcal is transferred to the gas, which equilibrates at 100°C (and a higher pressure). The piston 
is then released, and the gas does 100 J of work in moving the piston to its new equilibrium position. 
The final gas temperature is 100°C. 

Write the energy balance equation for each of the two stages of this process, and in each case 
solve for the unknown energy term in the equation. In solving this problem, consider the gas in 
the cylinder to be the system, neglect the change in potential energy of the gas as the piston moves 
vertically, and assume the gas behaves ideally. Express all energies in joules. 


-■nj 



25*e 


--£91 

100°C 


Initial state 


Final state 
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AU + A£ k + AE P = Q ~ W 

A£ k = 0 
= 0 

.jj, W » 0 
AU = Q 


(Equation 7.3-4) 

(the system is stationary) 
(no vertical displacement) 
(no moving boundaries) 


J|s « 2.00 kcal 


A U 


2.00 kcal 

10 3 cal 

1J 


kcal 

0.23901 cal 


The gas thus gains 8370 J of internal energy in going from 25 to 100°C. 


2 . 



1Q0°C 


Initial state 


t!Li 


AU + A£ k + A£ p - Q-W 

A£ k = 0 (the system is stationary at the initial and final states) 

A£ p = 0 (assumed negligible by hypothesis) 

, , A U = 0 (U depends only on T for an ideal gas, and T does not change) 

0 = Q-W 

= +100 J (Why is it positive?) 

| Q = 100 J 


Thus an additional 100 J of heat is transferred to the gas as it expands and reequilibrates at 
100°C. 


7.4 ENERGY BALANCES ON OPEN SYSTEMS AT STEADY STATE 

An open process system by definition has mass crossing its boundaries as the process occurs. 
Work must be done on such a system to push mass in, and work is done on the surroundings 
by mass that emerges. Both work terms must be included in the energy balance. 

In Section 7.4a we outline the calculation of the work (or more precisely, the rate of en¬ 
ergy transferred as work) required to move fluid through a continuous process system, and in 
Section 7.4b we review the concepts of intensive and extensive variables introduced in Chapter 
6 and introduce the concept of specific properties of a substance. Section 7.4c uses the results 
of the two preceding sections to derive the energy balance for an open system at steady state. 

7.4a Flow Work and Shaft Work 

The net rate of work done by an open system on its surroundings may be written as 

w = W S + W R ( 7 . 4 - 1 ) 

where 

W s = shaft work, or rate of work done by the process fluid on a moving part within the 
system (e.g., a pump rotor) 

Wfl = flow work, or rate of work done by the fluid at the system outlet minus the rate of 
work done on the fluid at the system inlet 
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To derive an expression for we initially consider the single-inlet-single-outlet system shown 
here. 


V, n (m 3 /s) 

PROCESS ! 

\> out (m 3 /s) 

/ 3 , n (N/m 2 ) * 

UNIT 

P 0U ,(N/m 2 ) 


Fluid at a pressure Pj n (N/m 2 ) enters a pipe at a volumetric flow rate V^nri/s) and exits at a 
pressure P 0 ut(N/m 2 ) and volumetric flow rate Vout(nvVs). The fluid that enters the svstem has 
work done on it by the fluid just behind it at a rate 

Wj n (N*m/s) = F in (N/m 2 )l> in (m 3 /s) (7.4-2) 

while the fluid leaving the system performs work on the surroundings at a rate 

W out = P outFout (7.4-3) 

The net rate at which work is done by the system at the inlet and outlet is therefore 

(j/jj — p out V , out — p m v m (7.4-4) 

If several input and output streams enter and leave the system, the P V products for each stream 
must be summed to determine Wfl. 


TEST An incompressible liquid flows through a straight horizontal pipe. Friction of the fluid within 

YOURSELF the pipe causes a small amount of heat to be transferred from the fluid: to compensate, flow 

(Answers, p. 659) work must be done on the fluid to move it through the system (so that is less than zero). 

1. How are Vj n and V 0 ut related, where V is the volumetric flow rate of the liquid? (Remem¬ 
ber, the fluid is incompressible.) 

2. How must the pressures P m and P QM be related? (P m > P ow , Pm = Pom- or P- m < P out ?) 


7,4b Specific Properties and Enthalpy 


As we observed in Section 6.2, the properties of a process material are either extensive (pro¬ 
portional to the quantity of the material) or intensive (independent of the quantity). Mass, 
number of moles, and volume (or mass flow rate, molar flow rate, and volumetric flow rate for 
a continuous stream), and kinetic energy, potential energy, and internal energy (or the rates of 
transport of these quantities by a continuous stream) are extensive properties, while tempera¬ 
ture, pressure, and density are intensive. 

A specific property is an intensive quantity obtained by dividing an extensive property 
(or its flow rate) by the total amount (or flow rate) of the process material. Thus, if the vol¬ 
ume of a fluid is 200 cm 3 and the mass of the fluid is 200 g, the specific volume of the fluid is 
1 cm 3 /g. Similarly, if the mass flow rate of a stream is 100 kg/min and the volumetric flow rate is 
150 L/min, the specific volume of the stream material is (150 L/min< 100 kg/min) = 1.5 Lks: if 
the rate at which kinetic energy is transported by this stream is 300 J/min, then the specific ki¬ 
netic energy of the stream material is (300 J/min)/(l 00 kg/min) = 3 J/kg. We will use the symbol * 
to denote a specific property: V will denote specific volume, 0 specific internal energy', and so on. 

If the temperature and pressure of a process material are such that the specific internal 
energy of the material is (/(J/kg), then a mass m(kg) of this material has a total internal energy 

t/(J) = m(kg)(/(J/kg) (7.4-5) 

Similarly, a continuous stream of this material with a mass flow rate m(kg/s) transports internal 
energy at a rate 

(7(J/s) = m( kg/s) (/(J/kg) (7.4-6) 


A property that occurs in the energy balance 
the specific enthalpy, defined as 


equation for open systems (Section 7.4c) is 


//==(/ + py 


(7.4-7) 
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where P is total pressure and U and V are specific internal energy and specific volume. The gas 
constants tabulated on the inside back cover provide a convenient source for the conversion 
factors needed to evaluate H from Equation 7.4-7, as the following example shows. 



Calculation of Enthalpy 


The specific internal energy of helium at 300 K and 1 atm is 3800 J/mol, and the specific molar volume 
at the same temperature and pressure is 24,63 L/mol, Calculate the specific enthalpy of helium at 
this temperature and pressure, and the rate at which enthalpy is transported by a stream of helium 
at 300 K and 1 atm with a molar flow rate of 250 kmol/h. 


SOLUTION 


A = 0 + PV = 3800 J/mol + (1 atm)(24.63 L/mol) 

To convert the second term to joules we need the factor J/(L atm). From the gas constant table on 
the inside back cover, 

0.08206 L-atm/(mol-K) = 8.314 J/(mol-K) 

Dividing the right side by the left side yields the desired factor: 

8.314 J/mol-K 


0.08206 L-atm/(mol-K) 


101.3 J/(L- atm) 


Therefore, 


H = 3800 J/mol + 


24.63 L-atm 

101.3 J 

mol 

1 L-atm 


* 6295 J/mol 


If h = 250 kmol/h 



The enthalpy function is important in the analysis of open systems, as we will show in the 
next section. It can also be shown, however, that if a closed system expands (or contracts) against 
a constant external pressure, Af* and A£ p are negligible, and the only work done by or on the 
system is the work of the expansion, then the energy balance equation reduces to Q — A//. A 
proof of this statement is required in Problem 7.15. 

The specific internal energy of a fluid is 200 cal/g. 

1. What is the internal energy of 30 g of this fluid? 

2. If the fluid leaves a system at a flow rate of 5 g/min, at what rate does it transport internal 
energy out of the system? 

3. What would you need to know to calculate the specific enthalpy of this fluid? 

7.4c The Steady-State Open-System Energy Balance 

The first law of thermodynamics for an open system at steady state has the form 

input = output (7.4-8) 

(Why do the accumulation, generation, and consumption terms of the general balance equation 
vanish?) “Input” here signifies the total rate of transport of kinetic energy, potential energy, 
and internal energy by all process input streams plus the rate at which energy is transferred in 
as heat, and “output” is the total rate of energy transport by the output streams plus the rate 
at which energy is transferred out as work. 


TEST 

YOURSELF 
(Answers, p. 659) 
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If Ej denotes the total rate of energy transport by the jth input or output stream of a 
process, and Q and W are again defined as the rates of flow of heat into and work out of the 
process, then Equation 7.4-8 may be written 

a + X - X + * 

input output 

streams streams 



(7.4-14c) 
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TEST 

YOURSELF 
(Answers, p. 659) 


EXAMPLE 7.4-21 


SOLUTION 


In terms of these quantities. Equation 7.4-13 becomes 

A H + A£ k + A£p = Q~ 


(7.4-15) 


Equation 7.4-15 states that the net rate at which energy is transferred to a system as heat and/or 
shaft work (Q~W % ) equals the difference between the rates at which the quantity (enthalpy + 
kinetic energy + potential energy) is transported into and out of the system (A H + A£ k + A£ p ). 
We will use this equation as the starting point for most energy balance calculations on open 
systems at steady state. 

Notice that if a process has a single input stream and a single output stream and there is 
no accumulation of mass in the system (so that m in = m out = m), the expression for A H of 
Equation 7.4-14a simplifies to 

A H = m(H out - H in ) = rhSH (7.4-16) 

Also notice that if a specific variable has the same value for all input and output streams, the 
corresponding term of Equation 7.4-15 drops out. For example, if Hj is the same for all streams, 
then from Equation 7.4-14a r , 

= X "V (7.4-17) 

«- output input -* 

streams streams 

But from a total mass balance the quantity in brackets (which is simply total mass in minus 
total mass out) equals zero, and hence A H = 0, as claimed. 


How would you simplify Equation 7.4-15 in each of the following cases? 

1. There are no moving parts in the system. 

2. The system and its surroundings are at the same temperature. 

3. The linear velocities of all streams are the same. 

4. All streams enter and leave the process at a single height. 


Energy Balance on a Turbine 

Five hundred kilograms per hour of steam drives a turbine. The steam enters the turbine at 44 atm 
and 450°C at a linear velocity of 60 m/s and leaves at a point 5 m below the turbine inlet at atmo¬ 
spheric pressure and a velocity of 360 m/s. The turbine delivers shaft work at a rate of 70 kW, and 
the heat loss from the turbine is estimated to be 10 4 kcal/h. Calculate the specific enthalpy change 
associated with the process. 


500 kg/h 

1 

500 kg/h 

44 atm, 45Q°C 

60 m/s 

5 m 

t 

1 atm 

360 m/s 


I 1 

t t 

Q = -10 4 kcal/h W, = 70 kW 


From Equation 7.4-15 

A// = Q - W s - A£ k - A£p 

Normally, heat, work, and kinetic and potential energy terms are determined in different units. To 
evaluate A/if, we will convert each term to kW (kJ/s) using conversion factors given on the inside 
front cover, first noting that m = (500 kg/h/3600 s/h) = 0.139 kg/s. 


A £ t 


= § («!-«?) = 


0.139 kg/s 

IN 

(360 2 - 60 2 ) m 2 

1 W 

lkW 

2 

1 kg-m/s 2 

s 2 

1 N-m/s 

10 3 w 


= 8.75 kW 
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AE P 

Q 


0.139 kg/s 

9.81 N 

(—5) m 

lkW 


kg i 


10 3 N-m/s 


-10 4 kcal 

1 J 

1 h 

1 kW 

h 

0.239 x 10~ 3 kcal 

3600 s j 

10 3 J/s 


70 kW 


But 


A/7 = Q - W t - AE k - A£ p = -90.3 kW 

A// = m(H 2 - Hi) (from Equation 7.4-16) 

_t 

Hz — Hi = AH/ m 

-90.3 kJ/s 
0.139 kg/s 


-650 kJ/kg~j 


TABLES OF THERMODYNAMIC DATA 
Reference States and State Properties 

It is not possible to know the absolute value of 0 or H for a process material, but you can de¬ 
termine the change in U{AU) or in H(AH) corresponding to a specified change of state (tem¬ 
perature, pressure, and phase). This may be done, for example, by bringing a known mass m 
of a substance through the specified change of state in such a way that ail terms of the energy 
balance except A U (i.e., heat, work, and changes in potential and kinetic energies) are known. 
Once A£/( = A Uj m) has been determined, AH for the same change in state can be calculated 
as A U + AP$. 

A convenient way to tabulate measured changes in 0 or H is to choose a temperature, 
pressure, and state of aggregation as a reference state, and to list A U or AH for changes from 
this state to a series of other states. Suppose, for example, that the enthalpy changes for carbon 
monoxide going from a reference state of 0°C and 1 atm to two other states are measured, with 
the following results: 

CO(g, 0°C, 1 atm) -> CO(g, 100°C, 1 atm): A H x = 2919 J/mol 
CO(g, 0°C, 1 atm) — CO(g, 500°C, 1 atm): A H 2 = 15,060 J/mol 

Since H cannot be known absolutely, for convenience we may assign a value Hq = 0 to the 
reference state; then AH { = H x - 0 = H 1 , A H 2 = H 2 , and so on. A table may then be con¬ 
structed for CO at 1 atm: 


T(°C) 

//(J/mol) 

0 

0 

100 

2919 

500 

15.060 


Note that the value 2919 J/mol for H at 100°C does not mean that the absolute value of the 
specific enthalpy of CO at 100°C and 1 atm is 2919 J/mol-we cannot know the absolute value 
of H but rather means that the change in H when CO goes from the reference state to 100°C 
and 1 atm is 2919 J/mol. We then say the specific enthalpy of CO at 10CPC and 1 atm relative to 
CO at (PC and 1 atm is 2919 J/mol, 

Some enthalpy tables give the reference states on which the listed values of H are based 
and others do not; however, you do not have to know the reference state to calculate AH for 
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the transition from one tabulated state to another. If H\ is the specific enthalpy at state 1 and 
/?2 is that at state 2, then AH for the transition from state 1 to state 2 equals H 2 - //i, regardless 
of the reference state on which H\ and // 2 are based. ( Caution: If two different tables are used, 
be sure H\ and jf/ 2 are based on the same reference state.) For example, AH for CO going from 
100 to 500°C at 1 atm is (15,060 - 2919) J/mol = 12,141 J/mol. If another reference state had 
been used to generate the specific enthalpies of CO at 100°C and 500°C, H\ and // 2 would have 
different values but // 2 — H\ would still be 12,141 J/mol. (See diagram below.) 


o 3 ’ 

ns 

| 

tf co (J/mol) 

Ref: CO(g) @ 0°C, 1 atm 

Ref: CO(g) @ ? 

II 

4 

15,060 

500°C, 1 atm 

4 

12,560 ~ 7 

CO(100°C, 1 atm) — CO(500‘C, 1 atm) 
AH = (15,060 - 2919) J/mol 




= (12,560-419) J/mol 

2919 

lOO'C, 1 atm 

419 J 

= 12,141 J/mol 

0 

0°C, 1 atm 

-2500 



This convenient result is a consequence of the fact that H, like U, is a state property, or a 
property of a system component whose value depends only on the state of the system (temper¬ 
ature, pressure, phase, and composition) and not on how the system reached that state. 1 We 
will have more to say about this concept in Chapter Eight. 


EXAMPLE7.5 1 


Use of Tabulated Enthalpy Data 


The following entries are taken from a data table for saturated methyl chloride: 


State 

T(°F) 

jP(psia) 

V(ft 3 /lb m ) 

//(Btu/lbm) 

Liquid 

-40 

6.878 

0.01553 

0.000 

Vapor 

0 

18.90 

4.969 

196.23 

Vapor 

50 

51.99 

1.920 

202.28 


1 . 

2 . 

3. 

SOLUTION 1 . 

2 . 


-6.05 Btu/lb m 


_ [(18.90)(4.969) - (51.99)(1.92Q)] ft 3 psia/lb m 

1.987 Btu 


10.73 ft 3 -psia 


-4.96 Btu/ib m 


What reference state was used to generate the given enthalpies? 

Calculate AH and AU for the transition of saturated methyl chloride vapor from 50°F to 0°F, 
What assumption did you make in solving question 2 regarding the effect of pressure on specific 
enthalpy? 

Liquid at — 40°F and 6.878 psia (the state at which H = 0). You do not need this information 
to solve part 2. 

AH = (0°F) - H(50°F) = (196.23 - 202.28) = -6.05 Btu/lb m 

AU = AH - APV = AH- (P final P final - P initial V initial ) 


1 We will not prove our claim that O and ft satisfy this condition. All references on thermodynamics discuss this 
point in detail. 
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The value of the conversion factor Btu/(ft 3 psia) was obtained from the table of gas constants 
in back of the book. (Verify it!) 

3. H was assumed independent of P. 


Tables of enthalpies and other state properties of many substances may be found in tables 
B5-B9 of this text and Perry’s Chemical Engineers’ Handbook 2 on pp. 2-206 through 2-316. 


TEST 

YOURSELF 
(Answers, p. 659) 


1. What is a state property? 

2. The enthalpy of a vapor A relative to liquid A at 0°C and 1 atm is 5000 J/kg at 0°C and 
1 atm, and 7500 J/kg at 30°C and 1 atm. 

(a) What is H of A{I) at 0°C and 1 atm? 

(b) What is the approximate value of H for A(v) at 0°C and 5 atm? 

(c) What is If} for the process 

A(v, 30°C. 1 atm) — A(v, 0°C, 1 atm) 

Does the answer depend on the reference state used to generate the table of en¬ 
thalpies? Why not? 


7.5b Steam Tables 


Recall the phase diagram for water (Figure 6.1-la, p. 239), which has the following appearance: 



Pure water may coexist as liquid and vapor only at temperature-pressure pairs that fall on the 
vapor-liquid equilibrium (VLE) curve. At points above the VLE curve (but to the right of the 
solid-liquid equilibrium curve), water is a subcooled liquid. At points on the VLE curve, water 
may be saturated liquid or saturated steam (vapor) or a mixture of both. At points below the 
VLE curve, water is superheated steam. 

For many years, compilations of physical properties of liquid water, saturated steam, and 
superheated steam issued in steam tables have been standard references for mechanical and 
chemical engineers involved with steam cycles for electrical power generation. Steam tables 
are contained in Tables B.5-B.7 of this text. We recommend that you look at these tables as we 
describe what you can find in them. 

Table B.5 lists properties of saturated liquid water and saturated steam at temperatures 
from 0.01°C (the triple point temperature) to 102°C. The following properties can be deter¬ 
mined for each tabulated temperature (and for intermediate temperatures by interpolation): 

• Column 2. The pressure, P(bar), corresponding to the given temperature on the VLE 
curve—by definition, the vapor pressure of water at the given temperature. Instead of look¬ 
ing up a given temperature and finding the pressure, you could look up a given pressure in 
the second column and find the corresponding boiling point temperature in the first column. 


2 R. H. Perry and D. W. Green, Eds., Perry’s Chemical Engineers’ Handbook, 7th Edition, McGraw-Hill, New 
York, 1997. 
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• Columns 3 and 4. The specific volumes, V'(m 3 /kg), of liquid water and saturated steam at 
the given temperature. The inverses of these quantities are the densities (kg/m 3 ) of liquid 
water and steam. 

• Columns 5 and 6. The specific internal energies, £/(kJ/kg), of saturated liquid water and 
saturated steam at the given temperature relative to a reference state of liquid water at the triple 
point. (Remember, we can never know the absolute value of internal energy or enthalpy, but 
only how these quantities change when the substance goes from one state to another—in this 
case, from the reference state to the states listed in the table.) 

• Columns 7-9. The specific enthalpies, //(kJ/kg), of saturated liquid water (Column 7) and 
saturated steam (Column 9), and the difference between these quantities, known as the heat 
of vaporization (Column 8). The reference point for the tabulated values of H is again liquid 
water at the triple point. 

Table B.6 lists the same properties as Table B.5, except that pressure is the first column and tem¬ 
perature the second and the table covers a much broader range of temperatures and pressures. 
Tables B.5 and B.6 are commonly referred to as the saturated steam tables. 

Table B.7—which is referred to as the superheated steam table —lists V, 0, and H of water 
(the latter two properties relative to liquid water at the triple point) at any temperature and 
pressure, not just at points on the VLE curve. If you are given a temperature and a pressure, you 
can locate the properties of water at the intersection of the column corresponding to the given 
temperature and the row corresponding to the given pressure. If the intersection fails within 
the closed region on the table bounded by the vertical line to the left of the 50°C column, the 
horizontal line below the 221.2 bar row, and the zigzag hypotenuse, the water is a liquid; outside 
this region, it is a superheated vapor. 

When you look up a pressure in the first column of Table B.7, you will find just below it in 
parentheses the boiling point temperature and in Columns 2 and 3 the properties of saturated 
liquid water and saturated steam at that pressure. If you are at a point in the superheated steam 
region, you can move all the way to the left to determine the saturation temperature at the same 
pressure, or the dew point of the superheated steam. 

The next example illustrates the use of these tables to obtain physical property data for 
water. 


EXAMPLE.7:5-2- The Steam Tables 

1. Determine the vapor pressure, specific internal energy, and specific enthalpy of saturated steam 
at 133.5°C. 

2. Show that water at 400°C and 10 bar is superheated steam and determine its specific volume, 
specific internal energy, and specific enthalpy relative to liquid water at the triple point, and its 
dew point. 

3. Show that U and H for superheated steam depend strongly on temperature and relatively 
slightly on pressure. 


SOLUTION 


Verify the results to be given. 


1. Table B.5 does not go up to 133.5°C, so we turn to Table B.6. For saturated steam at the given 
temperature (Column 2), 

|—---—-| 

p* = 3.0 bar, V = 0.606 m 3 /kg, 0 = 2543.0 kJ/kg, H = 2724.7 kJ/kg j 

2. From Table B.7, [T = 400°C, P = 10 bar] falls outside the closed region, showing that water is 

superheated steam at this temperature and pressure. The table also shows that at this condition, 
H = 3264 kJ/kg, V = 2958 kJ/kg, V = 0.307 nr/kg, 7 dp = 179.9°C j 
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3. Look at the properties of water at 400°C and 450°C, both at a pressure of 10 bar. You will see 
that both 0 and H change by about 3% when water goes from the first temperature to the 
second one (3264 kJ/kg — 3371 kJ/kg for H, 2958 kJ/kg — 3041 kJ/kg for U). 

Now consider the properties at 10 bar and 20 bar, both at a temperature of 400°C. Even 
though the pressure has doubled, the values of U and H change by much less than 1%. Similar 
results would be obtained for liquid water. The conclusion is that when you need a value of 0 
or H for water (or for any other species) at a given T and P. you must look it up at the correct 
temperature—interpolating if necessary—but you don’t have to find it at the exact pressure. 


The next example illustrates the use of the steam tables to solve energy balance problems. 

EXAMPLE'7.5-3) Energy Balance on a Steam Turbine 

Steam at 10 bar absolute with 190°C of superheat is fed to a turbine at a rate m = 2000 kg/h. The 
turbine operation is adiabatic, and the effluent is saturated steam at 1 bar. Calculate the work output 
of the turbine in kilowatts, neglecting kinetic and potential energy changes. 

SOLUTION The energy balance for this steady-state open system is 

W s = -AH = -m(H out - H m ) 

(Why was the heat term dropped?) 

Inlet Steam 

Table B.7 indicates that steam at 10 bar is saturated at 180°C (verify), so that the inlet steam temper¬ 
ature is 180°C + 190°C = 370°C. Interpolating in the same table. 

Win (10 bar, 370°C) = 3201 kJ/kg 

Outlet Steam 

From either Table B.6 or B.7, you can find that the enthalpy of saturated steam at 1 bar is 
Wout(l bar, saturated) = 2675 kj/kg 


Energy Balance 

W S = -AH = 

(2675 - 3201) kJ 

1 h 

h 


kg 

3600 s 


= 292 kJ/s = 

292 kW 




The turbine thus delivers 292 kW of work to its surroundings. 


The superheated steam table. Table B.7, lists values for both liquid water and steam. If you 
wish to determine H for liquid water at a temperature T and pressure P that cannot easily be 
found in this table, you may calculate it in the following manner: (1) look up 0 and V for satu¬ 
rated liquid at the specified temperature in Table B.5; (2) assume these values are independent 
of pressure, and calculate H(P,T) = 0 + PV. Furthermore, if the pressure is not excessive 
(say, less than 10 bar) or if it is unknown, neglect the PV correction and use the saturated liquid 
enthalpy H(T) given in Table B.5. 


7.6 ENERGY BALANCE PROCEDURES 

A properly drawn and labeled flowchart is essential for the efficient solution of energy bal¬ 
ance problems. When labeling the flowchart, be sure to include all of the information you will 
need to determine the specific enthalpy of each stream component, including known temper¬ 
atures and pressures. In addition, show states of aggregation of process materials when they 
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EXAMPLE?. 6-1] 


• 

Equipment 

Encyclopedia 

boiler 


SOLUTION 


are not obvious: do not simply write H 2 O, for example, but rather H 20 (s), HbO^), or H 20 (v), 
according to whether water is present as a solid, a liquid, or a vapor. 

In the rest of this chapter, we will consider only species (such as water) for which tabulated 
internal energies or enthalpies are available. In Chapters 8 and 9 we will show how to choose 
reference states and calculate the required values of 0 and H when tabulated values cannot be 
found. 


Energy Balance on a One-Component Process 

Two streams of water are mixed to form the feed to a boiler. Process data are as follows: 

Feed stream 1 120 kg/min @ 30°C 

Feed stream 2 175 kg/min @ 65°C 

Boiler pressure 17 bar (absolute) 

The exiting steam emerges from the boiler through a 6-cm ID pipe. Calculate the required heat 
input to the boiler in kilojoules per minute if the emerging steam is saturated at the boiler pressure. 
Neglect the kinetic energies of the liquid inlet streams. 


120 kg^H 2 0 (fl/min 
30°C, H * 126.7 kj/kg 


175 kg H 2 0 (fl/min 
65°C, H = 271.9 kj/kg 


BOILER 



Heat 

Q<kJ/min) 


295 kg H 2 0(v)/min 
17 bar, saturated (204*0 
H = 2793 kJ/kg 
6-cm ID pipe 


1. A first step in solving problems of this sort is to determine (if possible) the flow rates of 
all stream components using material balances. In this case, it is a trivial matter to write 
and solve a mass balance on water to determine that the flow rate of the emerging steam is 
295 kg/min. 

2. Next, determine the specific enthalpies of each stream component. Tables B.5 and B.6 were 
used to determine H for liquid water at 30°C and 65°C and for saturated steam at 17 bar. The 
latter entry in the table also furnished the temperature of the saturated steam corresponding to 
this pressure (204°C). Note that the entries for liquid water correspond to pressures that may 
or may not equal the actual pressures of the inlet streams (which we do not know); we assume, 
however, that the enthalpy of liquid water is approximately independent of pressure and use 
the tabulated values. 

3. The final step is to write the appropriate form of the energy balance and solve itfor the desired 
quantity. For this open process system, 

Q - W s = AH + A£ k + SE P 

VV S = 0 (no moving parts) 

A£ p = 0 (generally assumed unless displacements through 
ij, large heights are involved) 

Q = AH + A£ k 

Evaluate A H 

From Equation 7,4-14a, 


V m, f 

A- ‘ 

h-'Z*'#' 



outlet 

inlet 



295 kg 

2793 kJ _ 120 kg 

125.7 kJ __ 175 kg j 

271.9 kJ 

min 

kg min 

kg min 

kg 


= 7.61 x 10 5 kJ/min 
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Evaluate 


From Table B. 6 , the specific volume of saturated steam at 17 bar is 0.1166 m 3 /kg, and the cross- 
sectional area of the 6 -cm ID pipe is 


3.1416 

(3.00 ) 2 cm 2 

1 m 2 



10 4 cm 2 


2.83 x 10 " 3 m 2 


The steam velocity is 


«(m/s) = V(m 3 /s)/A(m 2 ) 


295 kg 

1 min 

0.1166 m 3 


min 

60s 

kg 

2.83 x 10 ~ 3 m 2 


= 202 m/s 


Then, since the kinetic energies of the inlet streams are assumed negligible, 

AE^ ~ (£k)outlet stream = rtllF ! 2 


finally, 


295 kg/min 

( 2 G 2 ) 2 nr 

1 N 

1 kJ 

2 

s 2 

1 kg-m/s 2 

10 3 N-m 


= 6.02 x 10 3 kJ/min 


Q = AH + A£ k 

= [7.61 X 10 s + 6.02 X 10 3 ] kJ/min 

(-:- 1 

= I 7.67 x IQ 5 kJ/min j 

Observe that the kinetic energy change is only a small fraction—roughly 0.8%—of the total energy 
requirement for the process. This is a typical result, and it is not uncommon to neglect kinetic and 
potential energy changes (at least as a first approximation) relative to enthalpy changes for processes 
that involve phase changes, chemical reactions, or large temperature changes. 


When process streams contain several components, the specific enthalpies of each com¬ 
ponent must be determined separately and substituted in the energy balance equation when 
AH is evaluated. For mixtures of near-ideal gases or of liquids with similar molecular struc¬ 
tures (e.g., mixtures of paraffins), you may assume that H for a mixture component is the same 
as H for the pure substance at the same temperature and pressure. Procedures to follow for 
solutions of gases or solids in liquids and for mixtures of dissimilar liquids are outlined in 
Chapter 8. 


EXAMPLE 7.6A2\ Energy Balance on a Two-Component Process 

A liquid stream containing 60.0 wt% ethane and 40.0% n-butane is to be heated from 150 K to 200 K 
at a pressure of 5 bar. Calculate the required heat input per kilogram of the mixture, neglecting po¬ 
tential and kinetic energy changes, using tabulated enthalpy data for C 2 H/., and C 4 H 10 and assuming 
that mixture component enthalpies are those of the pure species at the same temperature. 


SOLUTION Basis: 1 kg/s Mixture 

The enthalpies of n-butane at 150 K and 5 bar and at 200 K and 5 bar are given on p. 2-223 of 
Perry’s Chemical Engineers’ Handbook (see footnote 2), and those of ethane at the same conditions 
are given on p. 2-234 of the Handbook. The tabulated enthalpy values are shown in the energy 
balance. 
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1.00 kg's @ 150 K, 5 bar 


1.00 kg/s @ 200 K. 5 bar 

0.600 kg C 2 H 6 /s 

0.400 kg C 4 H 10 /s 

HEATER 

LJBDL 

0.600 kg CjHj/s 

0.400 kg C 4 H 10 /s 


Q(Btu/s) 


No material balances are necessary since there is only one input stream and one output stream 
and no chemical reactions, so we may proceed directly to the energy balance: 

Q-W, = SH + A£ k 4- A£p 

= 0 (no moving parts) 
v A£ k = 0, A£ p = 0 (by hypothesis) 

Q - AH 

Since the process materials are all gases and we are assuming ideal gas behavior, we may set the 
enthalpies of each stream equal to the sums of the individual component enthalpies and write 


Q = AH = miHi - 

X A 

tHi 


outlet 

inlet 



components 

components 



_ 0.600 kg QH* 

| 434.5 kJ 

_ 0.400 kg C 4 H l0 

130.2 kJ 

s 

PT* 

CfQ 

s 

kg 


- [(0.600)(314.3) + (0.400)(30.0)] kJ/s = 112 kJ/s => = 112 — 

l.UU Kg/S Kg 


In the two previous examples, it was possible to complete all material balance calculations 
before undertaking the energy balance. In another class of problems one more stream amount 
or flow rate is unknown than can be determined by material balances alone. To solve problems 
of this type, you must write and solve material and energy balances simultaneously. 

EXAMPLE 7.6-3 Simultaneous Material and Energy Balances 

Saturated steam at 1 atm is discharged from a turbine at a rate of 1150 kg/h. Superheated steam at 
300°C and 1 atm is needed as a feed to a heat exchanger; to produce it, the turbine discharge stream 
is mixed with superheated steam available from a second source at 400°C and 1 atm. The mixing 
unit operates adiabatically. Calculate the amount of superheated steam at 300°C produced and the 
required volumetric flow rate of the 400°C steam. 

SOLUTION Specific enthalpies of the two feed streams and the product stream are obtained from the steam 

tables and are shown below on the flowchart. 

Turbine discharge 
1150 kg H 2 0(v)/h 

1 atm, saturated (100°C) 

H = 2676 kJ/kg 

m, [kg H 2 0(v)/h] 

400°C, 1 atm 
77=3278 kJ/kg 

There are two unknown quantities in this process— ih\ and m 2 —and only one permissible mate¬ 
rial balance. (Why?) The material and energy balances must therefore be solved simultaneously to 
determine the two flow rates. 








7.7 Mechanical Energy Balances 333 


Mass Balance on Water 1150 kg/h + 

Energy Balance Q - VV S = AH + A£k + AE p 

q = 0 (process is adiabatic) 

W s = 0 (no moving parts) 

- >A£ k = 0, A£ p * 0 (assumption) 

AH = 22 rhiH, - ihjHj = 0 

outlet inlet 


1150 kg 

2676 kJ 

h 

kg 


2676 kl + mi (3278 kJ/kg) = m 2 (3074 kJ/kg) 


(2) 


Solving Equations 1 and 2 simultaneously yields 
mi = 2240 kg/h 


m-> — 3390 kg/h 


(product flow rate) 


From Table B.7, the specific volume of steam at 400"C and 1 atm (-1 bar) is 3.11 m’fkg. The void- 
metric flow rate of this stream is therefore 


2240 kg 1 

3.11 m 3 

h 

kg 


If specific-volume data were not available, the ideal gas equation of state could be used as an ap- 
proximation for the last calculation. _______- 


MECHANICAL ENERGY BALANCES 


In chemical process units such as reactors, distillation columns, evaporators, and heat exchang¬ 
ers, shaft work and kinetic and potential energy changes tend to be negligible comp^ed wth 
heat flows and internal energy and enthalpy changes. Energy balances on such units ^fore 
usually omit the former terms and so take the simple form Q - AU (dosed system) Q 

^^Ano^her important class of operations is one for which the opposite is true—heat flows and 
internal energy changes are secondary in importance to kinetic and potential energy c ang 
and shaft work Most of these operations involve the flow of fluids to, from, and betwe ^ tanks - 
reservoirs, wells, and process units. Accounting for energy flows m such processes is most con¬ 
veniently done with mechanical energy balances. . 

The general form of the mechanical energy balance can be derived starting with the open 

system balance and a second equation expressing the law of " 

derivation beyond the scope of this book. This section presents a simplified form for a single 

incompressible liquid flowing into and out of a process system at steady state. 

Consider such a system, letting m be the mass flow rate and V the specific volume ot Thehq- 
uid. If V is replaced by 1/p, where p is the liquid density, then the open-system energy balance 
(Equation 7.4-12) may be written 

£ + £ + .* + (a*-|)-4 

The shaft work W % is the work done by the fluid on moving elements in the process line. 

S many cases only slight amounts of heat are transferred to or from the surrountog, 
there is little change in temperature from mlet to outlet, and no phase changes or rea 
occrn * Even 6 unttertihese circumstances, some kinetic or potential energy is always converted 
to thermal energy as a result of friction due to the movement of the fluid through the system, 
consequence, the quantity ( AO - Q/m) always has a positive component, termed the friction 
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loss and is given the symbol F. Equation 7.7-1 may therefore be written 

I^l ,7.7.2, 

p 2 m 

Equation 7.7-2 is referred to as the mechanical energy balance. Once again, it is valid for steady- 
state flow of an incompressible fluid. 

Methods of estimating friction losses for flow through straight pipes, orifices, nozzles, el¬ 
bows, and so on are given in Section 10 of Perry’s Chemical Engineers’ Handbook (see footnote 
2) and will not be discussed in this text. In the balance of this book we consider only processes 
in which friction losses are either specified or neglected. 

A simplified form of the mechanical energy balance is obtained for frictionless processes 
(j? 0) in which no shaft work is performed ( W % = 0): 

— + ^ + 9 &z = 0 I (7.7-3) 

P 2 

Equation 7.7-3 is called the Bernoulli equation. 

EXAMPLE7.T-T The Bernoulli Equation 

Water flows through the system shown here at a rate of 20 L/min. Estimate the pressure required at 
point CD friction losses are negligible. 

SOLUTION r ■■■■ " ' - 

'— T~ 

4 ) 

^ m l-cm 10 pipe 

Pj — 1 atm 


© 

0.5 cm ID tube 
20 L HjO/min 
/>,=? 


All of the terms of the Bernoulli equation, Equation 7.7-3, are known except AP, the variable to be 
determined, and A u 2 , which must be calculated from the known liquid flow rate and the diameters 
of the inlet and outlet pipes. 

Velocities «(m/s) = V r (m 3 /s)/A(m 2 ) 

The volumetric flow rate must be the same at points (D and (D- (Why?) 


20 L 

1 m 3 

10 4 cm 2 

1 min 

min 

10 3 L 

ir(0.25) 2 cm 2 m 2 

60s 

20 L 

1 m 3 

10 4 cm 2 

1 min 

min 

10 3 L 

ir(0.5) 2 cm 2 1 m 2 

60s 


Am 2 = (n| - «j) = (4.24 2 - 17.0 2 ) m 2 /s 2 
= -271.0 m 2 /s 2 
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Bernoulli Equation (Equation 7.7-3) 

AP( N/m 2 ) + &u 2 (m 2 l$ 2 ) ff(m/s 2 )Az(m) 

p(kg/m 3 ) 2-l[(kg-m/s 2 )/N] + l[(kg-m/s 2 )/N] 

dP = P 2 - P, 
p = 1000 kg/m 3 
dir - -271.0 nr/s 2 
g — 9.81 m/s 2 
Ac = z 2 - zi 
w = 50 m 

— : - 135.5 N-m/kg + 490 N-m/kg = 0 
1000 kg/m 3 

P 2 = 1 atm 

^J, = 1.01325 x 10 5 N/m 2 

Pi = 4.56 x 10 5 N/m 2 
- 4.56 x 10 5 Pa 

= 4.56 bar j 


A common type of problem to which the mechanical energy balance is applicable is one 
that involves drainage or siphoning of a liquid from a container. A suitable choice of the loca¬ 
tions of points (T) and (2) greatly simplifies such problems; it is convenient to choose as point 
(T) a location on the liquid surface in the tank being drained and to take point (2) at the dis¬ 
charge stream outlet. If the container is being drained relatively slowly, the kinetic energy at 
point (J) may be neglected. Example 7.7-2 illustrates the computational procedure for such 
problems. 


EXAMM.EJ5-4 Siphoning 

Gasoline (p = 50.0 lb m /ft 3 ) is to be siphoned from a tank. The friction loss in the line is F = 
0.80 ft-lbf/lb m . Estimate how long it will take to siphon 5.00 gal, neglecting the change in liquid 
level in the gasoline tank during this process and assuming that both point ® (at the liquid surface 
in the gas tank) and point (2) (in the tube just prior to the exit) are at 1 atm. 



SOLUTION 


Point (T): Pi = 1 atm, u x = 0 ft/s, ji = 2.5 ft 
Point (2): Pi - 1 atm, ui = ?, - 2 = 0 ft 
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Mechanical Energy Balance (Equation 7.7-2) 

A P A u 2 . . -W s 

— + —- + pAz + F = — 

p 2 m 


A/> = 0 
Am 2 = «J 
g = 32.174 ft/s 2 
Az = -2.5 ft 
F = 0.80 ft-lbf/lb m 
iW, = 0 


«2(ft 2 /S 2 ) 

1 lbf l 32.174 ft/s 2 

-2.5 ft 

1 lbf 

2 

32.174 lb m -ft/s 2 


32.174 lb m ■ ft/s 2 


+ 0.80 ft-lb f /Ib m 


Ji 

u 2 = 10.5 ft/s 

(Verify that each additive term in the preceding equation has the units ft-lb f /lb m .) 
The volumetric flow rate of the fluid in the tube is 

V(ft 3 /s) = u 2 (ft/s)-A(ft 2 ) 


10.5 ft 

ir(0.125) 2 in. 2 

1 ft 2 

s 


144 in. 2 


• = 3.58 X 10” 3 ft 3 Is 


f(s) = 


volume to be drained (ft 3 ) 
volumetric flow rate (ft 3 /s) 

(5.00 gal)(0.1337 ft 3 /gal) _ 187 s 


3.58 X 10" 3 ft 3 /s 


60 s/min 


3.1 min 


The last illustration we will consider is one in which the potential energy lost by falling 
water is converted to electrical energy by means of a turbine and generator. The work done by 
the water in rotating the turbine must be included as shaft work in the energy balance. 


7. 7-3Hydraulic Power Generation 


Water flows from an elevated reservoir through a conduit to a turbine at a lower ievel and out of 
the turbine through a similar conduit. At a point 100 m above the turbine the pressure is 207 kPa, 
and at a point 3 m below the turbine the pressure is 124 kPa. What must the water flow rate be if the 
turbine output is 1.00 MW? 


© 


T 

100 m 


T 

3 m 
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SOLUTION 


TEST 

YOURSELF 
(Answers, p. 659) 


7.8 SUMMARY 


No data are given for the friction loss so we will set F = 0, recognizing that doing so introduces an 
error into the calculation. Since the diameters of the conduits at points (T) and (2) are the same and 
water may be considered incompressible, Au 2 = 0. Equation 7.7-2 then becomes 


AP 

P 


+ g&z 


- W s 
m 


-W. 


AP 

-h g Az 

P 


= 1.00 MW = 1.00 X 10 s N • m/s (convince yourself) 
A P = (124 - 207) kPa = -83 kPa = -83 x 10 3 N/nr 
A P _ - 83 x 10 3 N/nr 
p 1.00 X IQ 3 kg/m 3 
g ~ 9.81 m/s 2 
Az = -103 m 


. = -83 N-m/kg 


g Az — 


9.81m 

- 103 ml 

1 N 

s 2 


1 kg-m/s* 


= -1010 N-m/kg 


-1.00 X 10 6 N-m/s 
(-83-1010) N-m/kg 


915 kg/s 


1. Under what conditions is the mechanical energy balance, Equation 7.7-2, applicable? What 
is the physical significance of the friction loss term, F. in this equation? 

2. Under what conditions is the Bernoulli equation. Equation 7.7-3, applicable? 


Considerable amounts of energy are required to run most chemical processes. Engineers use 
energy balances to account for the energy that flows into or out of each unit of a process, to 
determine the net energy requirement for the process, and to design ways to reduce the energy 
requirement so as to improve process profitability. 

• The total energy of a process system has three components: kinetic energy—energy due to 
motion of the system as a whole; potential energy—energy due to the position of the system 
in a potential field (such as the earth’s gravitational field); and internal energy—energy due to 
the translation, rotation, vibration, and electromagnetic interactions of the molecules, atoms, 
and subatomic particles within the system. 

• In a closed system (no mass is transferred across the system boundaries while the process 
is taking place), energy may be transferred between the system and its surroundings in two 
ways: as heat—energy that flows due to a temperature difference between the system and 
its surroundings, and as work—energy that flows in response to any other stimulus such as 
an applied force, a torque, or a voltage. Heat always flows from a higher temperature to 
a lower temperature. Heat is always defined to be positive if it flows to a system from the 
surroundings, and in many engineering references (including this one) work is defined as 
positive if it flows from the system to the surroundings. 

• The kinetic energy of a body of mass m moving with velocity u is = mu 2 /2. The gravita¬ 
tional potential energy of the body is E p = mgz. where g is the acceleration of gravity and 
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Z is the height of the object above a reference plane at which E p is arbitrarily defined to be 
zero. If a stream at height z flows with mass flow rate m and velocity w, = mu 1 /2 and 
Ep = mgz may be thought of as the rates at which the stream is transporting kinetic energy 
and gravitational potential energy, respectively. 3 

• The first law of thermodynamics for a closed system (which we will generally refer to as the 
energy balance) between two instants of time is 


MI + A£ k + AE p = Q-W 


(7.3-4) 


where in the context of closed systems, A denotes final value minus initial value. This equation 
states that the total energy transferred to the system in the specified time interval (Q - W) 
equals the gain in the total energy of the system in the same time interval (At/ + AE^ + A£ p ). 
If energy is transferred away from the system, both sides of the equation are negative. 

• When writing an energy balance for a closed system, first simplify Equation 7.3-4 by drop¬ 
ping negligible terms, then solve the simplified equation for whichever variable cannot be 
determined independently from other information in the process description. 


(a) If the system is isothermal (constant temperature), no phase changes or chemical reac¬ 
tions take place, and pressure changes are no more than a few atmospheres in magnitude, 
then A U ** 0. 

(b) If the system is not accelerating, then AE^ = 0. If the system is not rising or falling, then 
AE p = 0. (You will almost always be able to drop these terms when writing balances on 
closed chemical process systems.) 

(c) If the system and its surroundings are at the same temperature or if the system is perfectly 
insulated, then <2 = 0. The system is then termed adiabatic. 

(d) If energy is not transmitted across the system boundary by a moving part (such as a 
piston, an impeller, or a rotor), an electric current, or radiation, then W = 0. 

• In an open system, work must be done to push input streams into the system [ = X ou t p jVj\ 
and work is done by the output streams as they leave the system [= 2j n EyV)], where Pj 
is the pressure of input or output stream j and Vj is the volumetric flow rate of the stream. 
The total rate of work done by a system on its surroundings (W) is customarily divided into 
flow work (Wfl), or work done by the output streams minus work done on the input streams 
at the system boundary, and shaft work (W s ), all other work transferred across the system 
boundary by moving parts or as electricity or radiation. Thus 

W = W s + W fl = + X p jVj ~ X 

output input 

streams streams 

• The first law of thermodynamics for an open system at steady state resembles the closed- 
system balance: 

A U + AE k + A£ p = Q - W 

except that each term now has units of (kJ/s) instead of (kJ) and A now signifies (output - 
input) and not (final - initial). The more commonly used form of the first law is derived 
by (a) substituting for W the previously derived expression in terms of flow work and shaft 
work; (b) expressing the volumetric flow rate of each input and output stream (Vj) as rhjVj, 
where Vj is the specific volume (inverse density) of the stream fluid; (c) expressing the rate 
of transport of internal energy by a stream (Uj) as ihjOj, where 0j is the specific internal 


3 The unit conversion factors [(1 N)/(l kg-m/s 2 )] and [(1 kJ)/(10 3 N-m)] must be applied to the right-hand side of 
each of these equations to express these quantities in kJ/s (kW). 
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energy of the stream fluid; and (d) defining the specific enthalpy (H ) of a substance as 0+ PV. 
After some algebraic manipulation (Section 7.4c) the balance equation becomes 


where 


A H + A£ k + A£ p = Q - W s 


(7.4-15) 


Aff = riijHj - 21 njfij 

output input 

streams streams 

A£ k = X 4 “;/ 2 ~ 2 "V"?/ 2 

output input 

streams streams 

A£ p = 2 rhjgzj ~ 21 ™j9Zj 

output mput 

streams streams 

When writing an energy balance for an open system at steady slate, first simplify Equation 
7.4-15 by dropping negligible terms, then solve the simplified equation for whichever vari¬ 
able cannot be determined independently from other information in the process descript¬ 
ion. 

(a) If no temperature changes, phase changes, or chemical reactions occur in a process and 
pressure changes from inlet to outlet are no more than a few atmospheres in magnitude, 
then A H =» 0. (Under these circumstances, mechanical energy balances—Section 7.7— 
tend to be more useful than Equation 7.4-15.) 

(b) If conditions are such that A H may not be neglected (i.e., if temperature changes, phase 
changes, or chemical reactions occur), then A£ fe and A£ p usually may be neglected. In 
any case, if there are no great vertical distances between the inlets and the outlets of a 
system, A£ p ® 0. 

(c) If the system and its surroundings are at the same temperature or if the system is perfectly 
insulated, then Q = 0 and the process is adiabatic. 

(d) If energy is not transmitted across the system boundary by a moving part, an electric 
current, or radiation, then W s = 0. 

The value of 0 for a pure substance in a given state (temperature, pressure, and phase) is the 
sum of the kinetic and potential energies of the individual molecular, atomic, and subatomic 
particles in a unit amount of the substance. It is impossible to determine the true value ofU for 
a substance, and hence also impossible to determine the true value ofH — U + PV. However, 
we can measure the change in t) or H corresponding to a specified change of state, which is 
all we ever need to know for energy balance calculations. 

A common practice is to arbitrarily designate a reference state for a substance at which 0 or 
H is declared to equal zero, and then tabulate 0 and/or H for the substance relative to the 
reference state. The statement “The specific enthalpy of CO(g) at 100°C and 1 atm relative 
to CO(g) at 0°C and 1 atm is 2919 J/mol” therefore has the following meaning: 

CO(g, 0°C, 1 atm) CO(g, 100°C, 1 atm): A H = 2919 J/mol 

The statement says nothing about the absolute specific enthalpy of CO at 100°C and 1 atm, 
which can never be determined. 

Both 0 and H are state properties, meaning that A U and A// for a given change in state for 
a substance are the same regardless of the path the substance follows from the initial state 
to the final state. 

The steam tables (Tables B.5, B.6, and B.7) can be used to estimate 0 and H for liquid water 
and steam (water vapor) at any specified temperature and pressure. The reference state for 
the tabulated internal energies and enthalpies in the steam tables is liquid water at the triple 
point—0.01°C and 0.00611 bar. 
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PROBLEMS 


• At this point, you can perform energy balance calculations only for systems in which A U 
(closed system) or A H (open system) can be neglected and for nonreactive systems involving 
species for which tables of 0 or H are available. Energy balance procedures for other types 
of systems are presented in Chapters 8 and 9. 

• Mechanical energy balances are useful for open systems in which heat flows and internal 
energy (and enthalpy) changes are secondary in importance to kinetic and potential energy 
changes and shaft work. For a liquid of constant density p flowing through such a system, the 
steady-state mechanical energy balance is 


A P A u 2 . , -W s 
- + + </Az+ F = —r± 

p 2 m 


(7.7-2) 


where F(N-m/kg) is the friction loss—thermal energy generated by friction between adjacent 
liquid elements moving at different velocities and between liquid elements and the system 
walls. The friction loss shows up as a heat loss from the system (Q < 0) and/or a gain in 
temperature and hence in internal energy from inlet to outlet (A U > 0). If F and W s can be 
neglected, the resulting form of Equation 7.7-2 is the Bernoulli equation. 

• At this point you can solve mechanical energy balances only for systems in which the friction 
loss (F) is given or negligible or if it is the only unknown quantity in Equation 7.7-2. Texts 
on fluid mechanics present methods for estimating F from information about fluid flow rates 
and physical properties and various characteristics of the system through which the fluid is 
flowing. 


7.1. A certain gasoline engine has an efficiency of 30%; that is, it converts into useful work 30% of the 
heat generated by burning a fuel. If the engine consumes 0.80 L/h of a gasoline with a heating value 
of 3.5 x 10 4 kJ/L, how much power does it provide? Express the answer both in kW and horse¬ 
power. 

7.2. Consider an automobile with a mass of 5500 lb m braking to a stop from a speed of 55 miles/h. 

(a) How much energy (Btu) is dissipated as heat by the friction of the braking process? 

(b) Suppose that throughout the United States, 300,000,000 such braking processes occur in the 
course of a given day. Calculate the average rate (megawatts) at which energy is being dissipated 
by the resulting friction. 

7.3. A simplified version of the life cycle of grocery sacks is shown below. 4 



Recycled sacks 


In the late 1970s, supermarkets began to replace paper sacks with polyethylene (plastic) sacks. In 
the 1980s, a movement to go back to paper arose, primarily inspired by environmental consider¬ 
ations. In the 1990s, a countermovement arose, claiming that paper sacks have a greater negative 
environmental impact than plastic ones. As this book goes to press, the debate continues. 

Following are estimates of the atmospheric emissions and energy consumption associated 
with the raw materials acquisition and processing (logging, pulping, and papermaking for paper, 
petroleum production and refining and polymerization for polyethylene) and disposal of sacks, and 
for the manufacture and use of sacks. 


4 Problem adapted from D. T. Allen, N. Bakshant. and K. S. Rosselot, Pollution Prevention: Homework and Design 
Problems for Engineering Curricula, American Institute for Pollution Prevention. New York, 1992. The emissions 
and energy consumption data are from Franklin Associates, Ltd., Resource and Environmental Profile Analysis 
of Polyethylene and Unbleached Paper Grocery Sacks. Report prepared for the Council for Solid Waste Solutions, 
Prairie Village, KS, June 1990. 
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Emissions 

(oz/sack) 

Energy Consumed 
(Btu/sack) 

Stages 

Paper Plastic 

Paper 

Plastic 

Raw materials production 
plus product disposal 

0.0510 0.0045 

724 

185 

Sack production and use 

0.0516 0.0146 

905 

464 
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Assume that atmospheric emissions and energy consumption do not depend on whether the new 
sacks are made from fresh raw materials or recycled sacks, and that it takes roughly twice as many 
plastic sacks as paper sacks to hold a given quantity of groceries. 

(a) Calculate the air emissions (lb m ) and energy consumption (Btu) per 1000 paper sacks used and 
per 2000 plastic sacks used, assuming that no sacks are recycled. 

(b) Repeat the calculations of part (a) assuming that 60% of the used sacks are recycled. By what 
percentages are air emissions and energy consumption reduced for each sack material as a con¬ 
sequence of recycling? 

(c) Estimate the number of grocery sacks used in a day in the United States (population = 
300 million), and calculate the average rate of energy consumption (megawatts, MW) asso¬ 
ciated with the production, use, and disposal of these sacks, assuming that they are plastic and 
none are recycled. How many MW would be saved by 60% recycling? 

(d) You should have found that both atmospheric emissions and energy consumption are higher 
when paper is used rather than plastic, although recycling reduces the differences. Nevertheless, 
deciding to use plastic based entirely on this result could be a serious mistake. List several impor¬ 
tant factors that were not taken into account in making the decision, including considerations 
of the potential environmental impact of each type of bag. 

7.4. Liquid methanol is pumped from a large storage tank through a 1-in. ID pipe at a rate of 3.00 gal/min. 

(a) At what rate in (i) ft-lbf/s and (ii) hp is kinetic energy being transported by the methanol in the 
pipe? 

(b) The electrical power input to the pump transporting the methanol must be greater than the 
amount you calculated in part (a). What would you guess becomes of the additional energy? 
(There are several possible answers.) 

7.5. Air at 300°C and 130 kPa flows through a horizontal 7-cm ID pipe at a velocity of 42.0 m/s. 

(a) Calculate £k(W), assuming ideal gas behavior. 

(b) If the air is heated to 400°C at constant pressure, what is d£ k — £ k (400°C) - £ k (300°C)? 

(c) Why would it be incorrect to say that the rate of transfer of heat to the gas in part (b) must equal 
the rate of change of kinetic energy? 

7.6. Suppose you pour a gallon of water on a yowling cat 10 ft below your bedroom window. 

(a) How much potential energy (ft-lbf) does the water lose? 

(b) How fast is the water traveling (ft/s) just before impact? 

(c) True or false: Energy must be conserved, therefore the kinetic energy of the water before impact 
must equal the kinetic energy of the cat after impact. 

7.7. Methane enters a 3-cm ID pipe at 30°C and 10 bar with an average velocity of 5.00 m/s and emerges 
at a point 200 m lower than the inlet at 30°C and 9 bar. 

(a) Without doing any calculations, predict the signs (+ or -) of A£ k and AE P , where A signifies 
(outlet - inlet). Briefly explain your reasoning. 

(b) Calculate A£ k and AE P (W), assuming that the methane behaves as an ideal gas. 

7.8. You recently purchased a large plot of land in the Amazon jungle at an extremely low cost. You are 
quite pleased with yourself until you arrive there and find that the nearest source of electricity is 
1500 miles away, a fact that your brother-in-law, the real estate agent, somehow forgot to mention. 
Since the local hardware store does not carry 1500-mile-long extension cords, vou decide to build 
a small hydroelectric generator under a 75-m high waterfall located nearby. The flow rate of the 
waterfall is 10 5 m 3 /h, and you anticipate needing 750 kW-h/wk to run your lights, air conditioner, 
and television. Calculate the maximum power theoretically available from the waterfall and see if it 
is sufficient to meet your needs. 
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7.9. Write and simplify the closed-system energy balance (Equation 7.3-4) for each of the following pro¬ 
cesses. and state whether nonzero heat and work terms are positive or negative. Begin by defining 
the system. The solution of part (a) is given as an illustration. 

(a) The contents of a closed flask are heated from 25°C to 80°C. 

Solution . The system is the flask contents. 

Q - W = AU + AE k + A£ p 

W = 0 (no moving parts or generated currents) 

A£ k = 0 (system is stationary) 

&E P - 0 (no height change) 

Q = SU I 


j Q > 0 (heat is transferred to the system) j 

(b) A tray filled with water at 20°C is put into a freezer. The water turns into ice at -5’C. (Note: 
When a substance expands it does work on its surroundings and when it contracts the surround¬ 
ings do work on it.) 

(c) A chemical reaction takes place in a closed adiabatic (perfectly insulated) rigid container. 

(d) Repeat part (c), only suppose that the reactor is isothermal rather than adiabatic and that when 
the reaction was carried out adiabatically the temperature in the reactor increased. 

7.10. A cylinder with a movable piston contains 4.00 liters of a gas at 30°C and 5.00 bar. The piston is 
slowly moved to compress the gas to 8.00 bar. 

(a) Considering the system to be the gas in the cylinder and neglecting A£ p , write and simplify the 
closed-system energy balance. Do not assume that the process is isothermal in this part. 

(b) Suppose now that the process is carried out isothermally, and the compression work done on 
the gas equals 7.65 L-bar. If the gas is ideal so that 0 is a function only of T, how much heat (in 
joules) is transferred to or from (state which) the surroundings? (Use the gas-constant table in 
the back of the book to determine the factor needed to convert L-bar to joules.) 

(c) Suppose instead that the process is adiabatic and that U increases as T increases. Is the final 
system temperature greater than, equal to, or less than 30°C? (Briefly state your reasoning.) 

7.11. A piston-fitted cylinder with a 6-cm inner diameter contains 1.40 g of nitrogen. The mass of the 
piston is 4.50 kg, and a 20.00-kg weight rests on the piston. The gas temperature is 30°C, and the 
pressure outside the cylinder is 1.00 atm. 



(a) Prove that the absolute pressure of the gas in the cylinder is 1.86 X 10 5 Pa. Then calculate the 
volume occupied by the gas, assuming ideal gas behavior. 

(b) Suppose the weight is abruptly lifted and the piston rises to a new equilibrium position. Further 
suppose that the process takes place in two steps: a rapid step in which a negligible amount of 
heat is exchanged with the surroundings, followed by a slow step in which the gas returns to 
30°C. Considering the gas as the system, write the energy balances for step 1, step 2. and the 
overall process. In all cases, neglect A£ k and A£ p . If 0 varies proportionally with T, does the gas 
temperature increase or decrease in step 1? Briefly explain your answer. 

(c) The work done by the gas equals the restraining force (the weight of the piston plus the force 
due to atmospheric pressure) times the distance traveled by the piston. Calculate this quantity 
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and use it to determine the heat transferred to or from (state which) the surroundings during 
the process. 

7.12. Oxygen at 150 K and 41.64 atm has a tabulated specific volume of 4.684 cm 3 /g and a specific internal 
energy of 1706 J/mol. Calculate the specific enthalpy of O 2 in this state. 

7.13. Values of the specific internal energy of bromine at three conditions are listed here. 


State 

T(K) 

P(bar) 

V^L/mol) 

tf(kJ/moi) 

Liquid 

300 

0.310 

0.0516 

0.000 

Vapor 

300 

0.310 

79.94 

28.24 

Vapor 

340 

1.33 

20.92 

29.62 


(a) What reference state was used to generate the listed specific internal energies? 

(b) Calculate A£/(kJ/mol) for a process in which bromine vapor at 300 K is condensed at constant 
pressure. Then calculate A//(kJ/mol) for the same process. (See Example 7.4-1.) Finally, calcu¬ 
late A#(kJ) for 5.00 mol of bromine undergoing the process. 

(c) Bromine vapor in a 5.00-liter container at 300 K and 0.205 bar is to be heated to 340 K, Calculate 
the heat (kJ) that must be transferred to the gas to achieve the desired temperature increase, 
assuming that 0 is independent of pressure. 

(d) In reality, more heat than the amount calculated in part (c) would have to be transferred to the 
container to raise the gas temperature by 40 K, for several reasons. State two of them. 

7.14. Prove that for an ideal gas, U and H are related as H = U + RT, where R is the gas constant. Then: 

(a) Taking as given that the specific internal energy of an ideal gas is independent of the gas pressure, 
justify the claim that A H for a process in which an ideal gas goes from (7i, Pi) to (f;. P;) equals 
AH for the same gas going from T\ to T 2 at a constant pressure of P\. 

(b) Calculate A/7(cal) for a process in which the temperature of 2.5 mol of an ideal gas is raised by 
50°C, resulting in a specific internal energy change A 0 = 3500 cal/mol. 

7.15. If a system expands in volume by an amount AV(m 3 ) against a constant restraining pressure 
P(N/m 2 ), a quantity PAF(J) of energy is transferred as expansion work from the system to its 
surroundings. Suppose that the following four conditions are satisfied for a closed system: (a) the 
system expands against a constant pressure (so that AP => 0); (b) A£ k = 0: (c) Af p = 0: and 
(d) the only work done by or on the system is expansion work. Prove that under these conditions, 
the energy balance simplifies to Q = AH. 

7.16. A horizontal cylinder equipped with a frictionless piston contains 785 cm 3 of steam at 400 K and 
125 kPa. A total of 83.8 joules of heat is transferred to the steam, causing the steam temperature to 
rise and the cylinder volume to increase. A constant restraining force is maintained on the piston 
throughout the expansion, so that the pressure exerted by the piston on the steam remains constant 
at 125 kPa. 


Steam 

P = 125 kPa 
T = 400 K 
V = 785 cm 3 



Steam 

P = 125 kPa 

r=? 

v*i 



The specific enthalpy of steam at 125 kPa varies with temperature approximately as 
//(J/mol) = 34,980 + 35.5F(K) 

(a) Taking the steam as the system, convince yourself that Q = AH for this process—that is. the 
four conditions specified in part (a) of Problem 7.15 are applicable. Then prove that the final 
steam temperature is 480 K. Finally, calculate (i) the final cylinder volume, (ii) the expansion 
work done by the steam, and (iii) AU(J). 
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(b) Which of the specified conditions of Problem 7.15 would have been only an approximation if 
the cylinder were not horizontal? 

7,17. You are performing an experiment to measure the specific internal energy of a gas relative to a 
reference state of 25°C and 1 atm (at which conditions U is arbitrarily set equal to 0). The gas is 
placed in a closed insulated 2.10-liter container at 25°C and 1 atm. A switch is alternately closed and 
opened, causing a current to flow intermittently through an electrical heating coil in the chamber. 
The gas temperature, which is monitored with a calibrated thermocouple, increases while the circuit 
is closed and remains constant while it is open. A wattmeter reads 1.4 W when the circuit is closed; 
90% of this power is transferred to the gas as heat. The thermocouple calibration curve is a straight 
line through the points (T = 0°C,£ = -0.249 mV) and (T = 100°C,£ = 5.27 mV), where £ is the 
thermocouple potentiometer reading. 



3 Thermocouple 
1 and recorder 


The following data are taken, where t represents the cumulative time during which the circuit 
was closed: 


t(s) 

0 

30 

60 j 

[-j 

90 I 

£(mV) 

1.13 

2.23 

3.34 

4.44 


(a) Which given item of information suggests that the chamber may be considered adiabatic? (Note: 
Simply saying the container is insulated does not guarantee that it is adiabatic.) 

(b) Write the energy balance for the gas in the chamber and use it to calculate V(J/mol) at each 
of the observed temperatures, neglecting the work done on the gas by the stirrer. Express your 
solution as a table of 0 versus T. 

(c) What might the purpose of the stirrer be? 

(d) What happens to the 0.14 W of power that does not go to raise the temperature of the gas? 

(e) A colleague points out to you that the calculated values of 0 fail to take something into account 
and so do not precisely correspond to the values at the calculated temperatures and 1 atm. You 
reply that she is quite correct, but it does not matter. Justify her statement and state the basis of 
your reply. Suggest several ways to provide quantitative validation of your claim. 

7.18. Define a system and simplify the open-system energy balance (Equation 7.4-15) for each of the 
following cases. State when possible whether nonzero heat and shaft work terms are positive or 
negative. The solution of part (a) is given as an illustration. 

(a) Steam enters a rotary turbine and turns a shaft connected to a generator. The inlet and outlet 
steam ports are at the same height. Some energy is transferred to the surroundings as heat. 

Solution. The system is the steam flowing from the inlet port to the outlet port: 

Q - W s = AH + A£ k + A£ p 

IK- 0 (no height change) 
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(b) A iiquid stream flows through a heat exchanger in which it is heated from 25°C to 8Q°C. The 
inlet and outlet pipes have the same diameter, and there is no change in elevation between 
these points. 

(c) Water passes through the sluice gate of a dam and falls on a turbine rotor, which turns a shaft 
connected to a generator. The fluid velocity on both sides of the dam is negligible, and the water 
undergoes insignificant pressure and temperature changes between the inlet and outlet. (See 
Example 7.4-2.) 

(d) Crude oil is pumped through a cross-country pipeline. The pipe inlet is 200 m higher than the 
outlet, the pipe diameter is constant, and the pump is located near the midpoint of the pipeline. 
Energy dissipated by friction in the line is transferred as heat through the wall. 

(e) A chemical reaction takes place in a continuous reactor that contains no moving parts. Kinetic 
and potential energy changes from inlet to outlet are negligible. 

7.19. Air is heated from 25°C to 150°C prior to entering a combustion furnace. The change in specific 
enthalpy associated with this transition is 3640 J/mol. The flow rate of air at the heater outlet is 
1.25 m 3 /min and the air pressure at this point is 122 kPa absolute. 

(a) Calculate the heat requirement in k W, assuming ideal gas behavior and that kinetic and potential 
energy changes from the heater inlet to the outlet are negligible. 

(b) Would the value of A£ k [which was neglected in part (a)] be positive or negative, or would you 
need more information to be able to tell? If the latter, what additional information would be 
needed? 

7.20. A Thomas flowmeter is a device in which heat is transferred at a measured rate from an electric 
coil to a flowing fluid, and the flow rate of the stream is calculated from the measured temperature 
increase of the fluid. Suppose a device of this sort is inserted in a stream of nitrogen, the current 
through the heating coil is adjusted until the wattmeter reads 1.25 kW, and the stream temperature 
goes from 30°C and 110 kPa before the heater to 34°C and 110 kPa after the heater. 

(a) If the specific enthalpy of nitrogen is given by the formula 

H( kJ/kg) = 1.04[T(°C) - 25] 

what is the volumetric flow rate of the gas (L/s) upstream of the heater (i.e., at 30°C and 
110 kPa)? 

(b) List several assumptions made in the calculation of part (a) that could lead to errors in the 
calculated flow rate. 

7.21. The specific enthalpy of liquid n-hexane at 1 atm varies linearly with temperature and equals 
25.8 kJ/kg at 30°C and 129.8 kJ/kg at 50°C. 

(a) Determine the equation that relates //(kJ/kg) to T(°C) and calculate the reference temperature 
on which the given enthalpies are based. Then derive an equation for £/(7)(kJ/kg) at 1 atm. 

(b) Calculate the average heat transfer rate required to cool 20 kg of liquid n-hexane from 80°C to 
20°C in 5 min. 

7.22. Steam at 260°C and 7.00 bar absolute is expanded through a nozzle to 200°C and 4.00 bar. Negligible 
heat is transferred from the nozzle to its surroundings. The approach velocity of the steam is neg¬ 
ligible. The specific enthalpy of steam is 2974 J/kg at 260°C and 7 bar and 2860 kJ/kg at 200°C and 
4 bar. Use the open-system energy balance to calculate the exit steam velocity. 

7.23. The heart pumps blood at an average rate of 5 L/min. The gauge pressure on the venous (intake) 
side is 0 mm Hg and that on the arterial (discharge) side is 100 mm Hg. Energy is supplied to the 
heart as heat released by the absorption of oxygen in the cardiac muscles: 5 mL (STP) Oi/min is 
absorbed, and 20.2 J is released per mL of 0 2 absorbed. Part of this absorbed energy is converted 
to flow work (the work done to pump blood through the circulatory system), and the balance is lost 
as heat transferred to the tissues surrounding the heart. 

(a) Simplify Equation 7.4-12 for this system, assuming (among other things) that there is no change 
in internal energy from inlet to outlet. 

(b) What percentage of the heat input to the heart (Q in ) is converted to flow work? (The answer 
may be thought of as the efficiency of the heart as a pump.) 

7.24. Saturated steam at 100°C is heated to 400°C. Use the steam tables to determine (a) the required 
heat input (J/s) if a continuous stream flowing at 100 kg/s undergoes the process at constant pres¬ 
sure and (b) the required heat input (J) if 100 kg undergoes the process in a constant-volume 
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container. What is the physical significance of the difference between the numerical values of these 
two quantities? 

7.25. A fuel oil is burned with air in a boiler furnace. The combustion produces 813 kW of thermal energy 
of which 65% is transferred as heat to boiler tubes that pass through the furnace. The combustion 
products pass from the furnace to a stack at 650°C. Water enters the boiler tubes as a liquid at 20°C 
and leaves the tubes as saturated steam at 20 bar absolute. 

(a) Calculate the rate (kg/h) at which steam is produced. 

(b) Use the steam tables to estimate the volumetric flow rate of the steam produced. 

(c) Repeat the calculation of part (b), only assume ideal gas behavior instead of using the steam 
tables. Would you have more confidence in the estimate of part (b) or part (c)? Explain. 

(d) What happened to the 35% of the thermal energy released by the combustion that did not go 
to produce the steam. 

7.26. Liquid water is fed to a boiler at 24°C and 10 bar and is converted at constant pressure to saturated 
steam. Use the steam tables to calculate A/?(kJ/kg) for this process, and then calculate the heat input 
required to produce 15,000 m 3 /h of steam at the exiting conditions. Assume that the kinetic energy 
of the entering liquid is negligible and that the steam is discharged through a 15-cm ID pipe. 

7.27. You have been assigned to collect thermodynamic data for a new liquid product your company 
is about to begin manufacturing and you decide to use a continuous-flow technique to generate a 
correlation of H versus T. You wrap an electrical heating tape around a pipe, cover the tape with 
a thick layer of insulation, pump the liquid through the pipe at the rate of 228 g/min, and adjust 
the power input to the heating tape with a variable resistor. For each resistance setting, you record 
the power input and the temperature of the liquid at the pipe outlet. You multiply the power input 
by a correction factor of 0.94 to determine the rate of heat input to the liquid. The entering fluid 
temperature remains at 25°C throughout the experiment. 

The following data are taken: 


r out (°C) 

Heat Input to 
the Liquid (W) 

25,0 

0.0 

26.4 

17.0 

27.8 

35.3 

29.0 

50.9 

32.4 

94.4 


(a) Generate a table of H( J/g) versus T(°C), taking 25°C and 1 atm as the reference state. 

(b) Fit a line to the data (either graphically or by the method of least squares) to determine the 
coefficient b of an expression of the form H — b(T — 25). 

(c) Estimate the heat input required to raise 350 kg/min of the liquid from 20°C to 40°C. 

(d) The correction factor of 0.94 accounts for the fact that the rate of energy input to the heating 
tape is somewhat greater than the rate of energy input to the liquid. Where does the additional 
energy go? (There are several answers.) 

7 . 28 . Saturated steam at a gauge pressure of 2.0 bar is to be used to heat a stream of ethane. The ethane 
enters a heat exchanger at 16°C and 1.5 bar gauge at a rate of 795 m 3 /min and is heated at constant 
pressure to 93°C. The steam condenses and leaves the exchanger as a liquid at 27°C. The specific 
enthalpy of ethane at the given pressure is 941 kJ/kg at 16°C and 1073 kJ/kg at 93°C. 

(a) How much energy (kW) must be transferred to the ethane to heat it from 16°C to 93°C? 

(b) Assuming that all the energy transferred from the steam goes to heat the ethane, at what rate 
in m 3 /s must steam be supplied to the exchanger? If the assumption is incorrect, would the 
calculated value be too high or too low? 

(c) Should the heat exchanger be set up for cocurrent or countercurrent flow (see the following 
schematic diagram)? Explain. (Hint: Remember that heat always flows from a higher tempera¬ 
ture to a lower temperature.) 
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7 . 29 . Superheated steam at 40 bar absolute and 500°C flows at a rate of 250 kg/min to an adiabatic 
turbine, where it expands to 5 bar. The turbine develops 1500 kW. From the turbine the steam 
flows to a heater, where it is reheated isobarically to its initial temperature. Neglect kinetic energy 
changes. 

(a) Write an energy balance on the turbine and use it to determine the outlet stream temperature. 

(b) Write an energy balance on the heater and use it to determine the required input (kW) to the 
steam. 

(c) Verify that an overall energy balance on the two-unit process is satisfied. 

(d) Suppose the turbine inlet and outlet pipes both have diameters of 0.5 meter. Show that it is 
reasonable to neglect the change in kinetic energy for this unit. 

7 . 30 , During a period of relative inactivity, the average rate of transport of enthalpy by the metabolic and 
digestive waste products leaving the body minus the rate of enthalpy transport by the raw materials 
ingested and breathed into the body is approximately A H = -300 kJ/h. Heat is transferred from 
the body to its surroundings at a rate given by 

Q = hA(T s - T 0 ) 

where A is the body surface area (roughly 1.8 m 2 for an adult), T s is the skin temperature (normally 
34.2°C), Tq is the temperature of the body surroundings, and h is a heat transfer coefficient. Typical 
values of h for the human body are 

h — 8 kJ/(m 2 h-°C) (fully clothed, slight breeze blowing) 

h = 64 kJ/(m 2 -h-°C) (nude, immersed in water) 

(Data taken from R. C. Seagrave, Biomedical Applications of Heat and Mass Transfer, Iowa State 
University Press, Ames, Iowa, 1971.) 

(a) Consider the human body as a continuous system at steady state. Write an energy balance on 
the body, making all appropriate simplifications and substitutions. 

(b) Calculate the surrounding temperature for which the energy balance is satisfied (i.e., at which 
a person would feel neither hot nor cold) for a clothed person and for a nude person immersed 
in water. 

(c) In terms of the preceding discussion, suggest why you feel colder on a windy day than on a day 
where the temperature is the same but there is no wind. 

7 . 31 . Liquid water at 30.0°C and liquid water at 90.0°C are combined in a ratio (1 kg cold water/2 kg hot 
water). 

(a) Use a simple calculation to estimate the final water temperature. For this part, pretend you never 
heard of energy balances. 

(b) Now assume a basis of calculation and write a closed system energy balance for the process, ne¬ 
glecting potential and kinetic energy changes and expansion work and assuming that the mixing 
is adiabatic. Use the balance to calculate the specific internal energy and hence (from the steam 
tables) the final temperature of the mixture. What is the percentage difference between your 
answer and that of part (a)? 

7 . 32 , Steam produced in a boiler is frequently “wet”—that is, it is a mist composed of saturated water 
vapor and entrained liquid droplets. The quality of a wet steam is defined as the fraction of the 
mixture by mass that is vapor, 

A wet steam at a pressure of 5.0 bar with a quality of 0.85 is isothermally “dried” by evaporating 
the entrained liquid. The flow rate of the dried steam is 52.5 m 3 /h. 
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(a) Use the steam tables to determine the temperature at which this operation occurs, the specific 
enthalpies of the wet and dry steams, and the total mass flow rate of the process stream, 

(b) Calculate the heat input (kW) required for the evaporation process. 

7.33. Two hundred kg/min of steam enters a steam turbine at 350°C and 40 bar through a 7.5-cm diameter 
line and exits at 75°C and 5 bar through a 5-cm line. The exiting stream may be vapor, liquid, or “wet 
steam” (see Problem 7.32). 

(a) If the exiting stream were wet steam at 5.0 bar, what would its temperature be? 

(b) How much energy is transferred to or from the turbine? (Neglect A£ p but not A£*.) 

7.34. A steam trap is a device to purge steam condensate from a system without venting uncondensed 
steam. In one of the crudest trap types, the condensate collects and raises a float attached to a drain 
plug. When the float reaches a certain level, it “pulls the plug,” opening the drain valve and allow¬ 
ing the liquid to discharge. The float then drops down to its original position and the valve closes, 
preventing uncondensed steam from escaping. 

(a) Suppose saturated steam at 25 bar is used to heat 100 kg/min of an oil from 135°C to 185°C. Heat 
must be transferred to the oil at a rate of 1.00 x 10 4 kJ/min to accomplish this task. The steam 
condenses on the exterior of a bundle of tubes through which the oil is flowing. Condensate 
collects in the bottom of the exchanger and exits through a steam trap set to discharge when 
1200 g of liquid is collected. How often does the trap discharge? 

(b) Especially when periodic maintenance checks are not performed, steam traps often fail to close 
completely and so leak steam continuously. Suppose a process plant contains 1000 leaking traps 
(not an unrealistic supposition for some plants) operating at the condition of part (a), and that 
on the average 10% additional steam must be fed to the condensers to compensate for the 
uncondensed steam venting through the leaks. Further suppose that the cost of generating the 
additional steam is Sl/10 6 Btu, where the denominator refers to the enthalpy of the leaking 
steam relative to liquid water at 20°C. Estimate the yearly cost of the leaks based on 24 h/day, 
360 day/yr operation. 

7.35. A turbine discharges 200 kg/h of saturated steam at 10.0 bar absolute. It is desired to generate steam 
at 250°C and 10.0 bar by mixing the turbine discharge with a second stream of superheated steam of 
300°C and 10.0 bar. 

(a) If 300 kg/h of the product steam is to be generated, how much heat must be added to the mixer? 

(b) If instead the mixing is carried out adiabatically, at what rate is the product steam generated? 

7.36. Liquid water at 60 bar and 250°C passes through an adiabatic expansion valve, emerging at a 
pressure P { and temperature 7). If P f is low enough, some of the liquid evaporates. 

(a) IfP f = 1.0 bar, determine the temperature of the final mixture (T f ) and the fraction of the liquid 
feed that evaporates (y v ) by writing an energy balance about the valve and neglecting A£ k , 

(b) If you took A£ k into account in part (a), how would the calculated outlet temperature compare 
with the value you determined? What about the calculated value of y v ? Explain. 

(c) What is the value of Pf above which no evaporation would occur? 

(d) Sketch the shapes of plots of T f versus Pf and y v versus P f for 1 bar < P f < 60 bar. Briefly 
explain your reasoning. 

7.37. A 10.0-m 3 tank contains steam at 275°C and 15.0 bar. The tank and its contents are cooled until the 
pressure drops to 1.2 bar. Some of the steam condenses in the process. 

(a) How much heat was transferred from the tank? 

(b) What is the final temperature of the tank contents? 

(c) How much steam condensed (kg)? 

7.38. Jets of high-speed steam are used in spray cleaning. Steam at 15.0 bar with 150°C of superheat is fed 
to a well-insulated valve at a rate of 1.00 kg/s. As the steam passes through the valve, its pressure 
drops to 1.0 bar. The outlet stream may be totally vapor or a mixture of vapor and liquid. Kinetic 
and potential energy changes may be neglected. 

(a) Draw and label a flowchart, assuming that both liquid and vapor emerge from the valve. 

(b) Write an energy balance and use it to determine the total rate of flow of enthalpy in the outlet 
stream (H out = «./?, + m v H,.). Then determine whether the outlet stream is in fact a mixture of 
liquid and vapor or whether it is pure vapor. Explain your reasoning. 

(c) What is the temperature of the outlet stream? 
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7 . 39 . The following diagram shows a simplified version of how a refrigerator works: 


Heat to outside 

*++ 
i i i 



93.3 psig, vapor, ' 1 * 

86°F H .8 psig, Heat from 

5°F food storage 

area 

In a liquid receiver CD, a liquid refrigerant (any one of a number of halogenated hydrocarbons 
such as CCI 2 F 2 ) is contained at high pressure and temperature. The liquid passes through an expan¬ 
sion valve (|), where it flashes to a low pressure, cooling to its boiling point at this pressure and par¬ 
tially evaporating. The liquid-vapor mixture passes though an evaporator coil (3) Air from the food 
storage area circulates over the coil, and the heat absorbed by the evaporating refrigerant in the coil 
causes the air to cool. The cold refrigerant vapor emerging from the coil passes to a compressor (3), 
where it is brought back to a high pressure and in the process is raised to a high temperature. The hot 
vapor then passes through a condenser (5), where it is cooled and condensed at constant pressure. 
The air that absorbs the heat given up by the condensing fluid is discharged outside the refrigerator, 
and the liquefied refrigerant returns to the liquid receiver. 

Suppose Refrigerant R-12 (the standard name for CCI 2 F 2 ) undergoes this cycle at a circulation 
rate of 40 lb m /min, with the temperatures and pressures at the different points of the cycle being 
those shown on the flow diagram. Thermodynamic data for Refrigerant R-12 are as follows: 

Saturated Fluid: T = 5°F, H iiq = 9.6 Btu/lb m , H Vip = 77.8 Btu/lb m 

T = 86°F, fifijq = 27.8 Btu/lb m , H vap = 85.8 Btu/lb m 
Superheated Vapor. T = 114°F, P = 93.3 psig, // vap — 90 Btu/lb m 

(a) Suppose the expansion valve operates adiabatically and AE k is negligible. Use an energy balance 
about the valve to calculate the fraction of the refrigerant that evaporates in this stage of the 
process. 

(b) Calculate the rate in Btu/min at which heat is transferred to the refrigerant that evaporates in 
the coil. (This is the useful cooling done in the system.) 

(c) If the heat loss in the condenser is 2500 Btu/min, how much horsepower must the compressor 
deliver to the system? (Use an overall energy balance to solve this problem.) 

7.40. Three hundred L/h of a 20 mole% C3H 8 -80% n-C 4 Hio gas mixture at 0°C and 1.1 atm and 
200 L/h of a 40 mole% C3H 8 -60% / 1 -C 4 H 10 mixture at 25°C and 1.1 atm are mixed and heated 
to 227°C at constant pressure. Calculate the heat requirement in kJ/h. (See Example 7.6-2.) En¬ 
thalpies of propane and n-butane are listed below. Assume ideal gas behavior. 


T(°C) 

Propane 

//(J/moi) 

Butane 

//(J/mol) 

0 

0 

0 

25 

1772 

2394 

227 

20,685 

27,442 
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7.41. Air at 38°C and 97% relative humidity is to be cooled to 18°C and fed into a plant area at a rate of 
510 m 3 /min. 

(a) Calculate the rate (kg/min) at which water condenses. 

(b) Calculate the cooling requirement in tons (1 ton of cooling = 12,000 Btu/h), assuming that the 
enthalpy of water vapor is that of saturated steam at the same temperature and the enthalpy 0 f 
dry air is given by the expression 

tf(kJ/mol) = 0.0291[r(°C) - 25] 

7.42. A mixture containing 65.0 mole% acetone (Ac) and the balance acetic acid (AA) is separated in a 
continuous distillation column at 1 atm. A flowchart for the operation is as follows: 



The overhead stream from the column is a vapor that passes though a condenser. The condensed 
liquid is divided into two equal streams: one is taken off as the overhead product (distillate) and the 
other (the reflux) is returned to the column. The bottom stream from the column is a liquid that is 
partially vaporized in a reboiler. The liquid stream emerging from the reboiler is taken off as the 
bottoms product, and the vapor is returned to the column as boilup. Negligible heat is lost from 
the column, so that the only places in the system where external heat transfer takes place are the 
condenser and the reboiler. 

Stream Data 

Liquid, 67.5°C, 65 mole% Ac, 35% AA 
Vapor, 63.0°C, 98 mole% Ac, 2% A A 

Liquid, 56.8°C, 98 mole% Ac, 2% AA 

Liquid, 98.7°C, 15.5 mole% Ac, 84.5% AA 
Vapor, 98.7°C, 54.4 mole% Ac, 45.6% AA 


Thermodynamic Data 


7/(cal/mol) 


Acetone 

Acetic Acid 

T(°C) 

Hi 


ti, 

H v 

56.8 

0 

7205 

0 

5723 

63.0 

205 

7322 

194 

6807 

67.5 

354 

7403 

335 

6884 

98.7 

1385 

7946 

1312 

7420 


Feed® 
Overhead (2) 
Distillate (3)1 
Reflux®} 
Bottoms (5) 
Boilup (6) 


(a) Taking 100 mol of feed as a basis, calculate the net heat requirement (cal) for the process. (You 
may neglect heats of mixing, although doing so for dissimilar liquids like acetone and acetic acid 
may introduce some error.) 
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(b) For the same basis, calculate the required heat input to the reboiler and the required heat re¬ 
moval from the condenser. 

7 . 43 . Superheated steam at ri(°C) and 10,0 bar is combined with saturated steam at T 2 CC) and 7.0 bar in 
a ratio (1.96 kg of steam at 10 bar)/(1.0 kg of steam at 7 bar). The product stream is at 250°C and 7.0 
bar. The process operates at steady state. 

(a) Calculate T { and T 2 , assuming that the blender operates adiabatically. 

(b) If in fact heat is being lost from the blender to the surroundings, is your estimate of T\ too high 
or too low? Briefly explain, 

7 . 44 . A 200.0-liter water tank can withstand pressures up to 20.0 bar absolute before rupturing. At a 
particular time the tank contains 165.0 kg of liquid water, the fill and exit valves are closed, and the 
absolute pressure in the vapor head space above the liquid (which may be assumed to contain only 
water vapor) is 3.0 bar. A plant technician turns on the tank heater, intending to raise the water 
temperature to 155°C, but is called away and forgets to return and shut off the heater. Let q be the 
instant the heater is turned on and t 2 the moment before the tank ruptures. Use the steam tables for 
the following calculations. 

(a) Determine the water temperature, the liquid and head-space volumes (L), and the mass of water 
vapor in the head space (kg) at time q. 

(b) Determine the water temperature, the liquid and head-space volumes (L), and the mass of water 
vapor (g) that evaporates between q and t 2 . (Him: Make use of the fact that the total mass of 
water in the tank and the total tank volume both remain constant between q and t 2 .) 

(c) Calculate the amount of heat (kJ) transferred to the tank contents between q and t 2 . Give two 
reasons why the actual heat input to the tank must have been greater than the calculated value. 

<d) List three different factors responsible for the increase in pressure resulting from the transfer 
of heat to the tank. (Hint: One has to do with the effect of temperature on the density of liquid 
water.) 

(e) List ways in which this accident could have been avoided. 

7 . 45 . A wet steam at 20 bar with a quality of 0.97 (see Problem 7.32) leaks through a defective steam trap 
and expands to a pressure of 1 atm. The process can be considered to take place in two stages: a rapid 
adiabatic expansion to 1 atm accompanied by complete evaporation of the liquid droplets in the wet 
steam, followed by cooling at 1 atm to ambient temperature. A£ k may be neglected in both stages. 

(a) Estimate the temperature of the superheated steam immediately following the rapid adiabatic 
expansion. 

(b) Someone looking at the steam trap would see a clear space just outside the leak and a white 
plume forming a short distance away. (The same phenomenon can be observed outside the spout 
of a kettle in which water is boiling.) Explain this observation. What would the temperature be 
at the point where the plume begins? 

7 . 46 . Eight fluid ounces (1 qt = 32 oz) of a beverage in a glass at 18.0°C is to be cooled by adding ice and 
stirring. The properties of the beverage may be taken to be those of liquid water. The enthalpy of the 
ice relative to liquid water at the triple point is -348 kJ/kg. Estimate the mass of ice (g) that must 
melt to bring the liquid temperature to 4°C, neglecting energy losses to the surroundings. (Note: For 
this isobaric batch process, the energy balance reduces to Q - A H.) 

7 . 47 . A 25-g block of iron at 175°C is dropped into a liter of water in an insulated flask at 20°C and 1 atm. 
The specific enthalpy of iron is given by the expression H( J/g) = 17.3r(°C). 

(a) What reference temperature was used as the basis for the enthalpy formula? 

(b) Calculate the final temperature of the flask contents, assuming that the process is adiabatic, 
negligible evaporation of water occurs, negligible heat is transferred to the flask wall, and the 
specific enthalpy of liquid water at 1 atm and a given temperature is that of the saturated liquid 
at the same temperature. (Note: For this isobaric batch process, the energy balance reduces to 
Q = AH.) 

7 . 48 . Horatio Meshuggeneh has his own ideas of how to do things. For instance, when given the task 
of determining an oven temperature, most people would use a thermometer. Being allergic to do¬ 
ing anything most people would do, however, Meshuggeneh instead performs the following experi¬ 
ment. He puts a copper bar with a mass of 5.0 kg in the oven and puts A// = 2919 an identical bar in 
a well-insulated 20.0-liter vessel containing 5.00 L of liquid water and the remainder saturated steam 
at 760 mm Hg absolute. He waits long enough for both bars to reach thermal equilibrium with 
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their surroundings, then quickly takes the first bar out of the oven, removes the second bar from 
the vessel, drops the first bar in its place, covers the vessel tightly, waits for the contents to come to 
equilibrium, and notes the reading on a pressure gauge built into the vessel. The value he reads 
is 50.1 mm Hg. He then uses the facts that copper has a specific gravity of 8.92 and a specific internal 
energy given by the expression t/(kj/kg) = 0.367’(°C) to calculate the oven temperature. 

(a) The Meshuggeneh assumption is that the bar can be transferred from the oven to the vessel with¬ 
out any heat being lost. If he makes this assumption, what oven temperature does Meshuggeneh 
calculate? How many grams of water evaporate in the process? (Neglect the heat transferred to 
the vessel wall—i.e., assume that the heat lost by the bar is transferred entirely to the water in 
the vessel. Also, remember that you are dealing with a closed system once the hot bar goes into 
the vessel.) 

(b) In fact, the bar lost 8.3 kJ of heat between the oven and the vessel. What is the true oven tem¬ 
perature? 

(c) The experiment just described was actually Meshuggeneh’s second attempt. The first time he 
tried it, the final gauge pressure in the vessel was negative. What had he forgotten to do? 

7.49. A perfectly insulated cylinder fitted with a leakproof frictionless piston with a mass of 30,0 kg 
and a face area of 400.0 cm 2 contains 7,0 kg of liquid water and a 3.0-kg bar of aluminum. The 
aluminum bar has an electrical coil imbedded in it, so that known amounts of heat can be trans¬ 
ferred to it. Aluminum has a specific gravity of 2.70 and a specific internal energy given by the 
formula f?(kJ/kg) = 0.94T(°C). The internal energy of liquid water at any temperature may 
be taken to be that of the saturated liquid at that temperature. Negligible heat is transferred to 
the cylinder wall. Atmospheric pressure is 1.00 atm. The cylinder and its contents are initially at 
20°C. 



m = 30 kg - 

M-sJ 

n 

A = 400 cm 2 - 

x T1 ™ 

- ‘“L-thi 


H 2 0(v> 

La--- liflWM 

7 kg H 2 0</} 


H 2 0(fl 

.JM 




Suppose that 3310 kJ is transferred to the bar from the heating coil and the contents of the 
cylinder are then allowed to equilibrate. 

(a) Calculate the pressure of the cylinder contents throughout the process. Then determine whether 
the amount of heat transferred to the system is sufficient to vaporize any of the water. 

(b) Determine the following quantities: (i) the final system temperature; (ii) the volumes (cm 3 ) of 
the liquid and vapor phases present at equilibrium; and (iii) the vertical distance traveled by the 
piston from the beginning to the end of the process. [. Suggestion: Write an energy balance on the 
complete process, taking the cylinder contents to be the system. Note that the system is closed 
and that work is done by the system when it moves the piston through a vertical displacement. 
The magnitude of this work is W = PAT, where P is the constant system pressure and AT is 
the change in system volume from the initial to the final state.] 

(c) Calculate an upper limit on the temperature attainable by the aluminum bar during the process, 
and state the condition that would have to apply for the bar to come close to this tempera¬ 
ture. 

7.50. A rigid 5.00-liter vessel contains 4.00 L of liquid water in equilibrium with 1.00 L of water vapor at 
25°C. Heat is transferred to the water by means of an immersed electrical coil. The volume of the 
coil is negligible. Use the steam tables to calculate the final temperature and pressure (bar) of the 
system and the mass of water vaporized (g) if 2915 kJ is added to the water and no heat is transferred 
from the water to its surroundings. (Note: A trial-and-error calculation is required.) 
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7.51. A liquid mixture of benzene and toluene is to be separated in a continuous single-stage equilibrium 
flash tank. 


Vapor product 


Liquid feed 

r(°c) 

v B (mol C 6 H 6 /mol) 

1 mol (basis) 

/’(mm Hg) 


c B (mol CgHj/moi) 

(1 - cgKmol CjHg/mol) 

is m 

Liquid product 


ndmol) 

x B (mol CgHg/moi) 

130°C 

* Heat 


The pressure in the unit may be adjusted to any desired value, and the heat input may si mil arly 
be adjusted to vary the temperature at which the separation is conducted. The vapor and liquid 
product streams both emerge at the temperature T (°C) and pressure P(mm Hg) maintained in the 
vessel. 

Assume that the vapor pressures of benzene and toluene are given by the Antoine eauation. 
Table 6.1-1; that Raoult’s law—Equation 6.4-1—applies; and that the enthalpies of benzene and 
toluene liquid and vapor are linear functions of temperature. Specific enthalpies at two temperatures 
are given here for each substance in each phase. 


C 6 H 6 (1) (T = 0°C. H « 0 kJ/mol) 
QH 6 (v) (T = 80°C, H = 41.61 kJ/mol) 
C 7 H 8 (1) (T = 0°C, H = 0 kJ/mol) 
C 7 H 8 (v) (T = 89°C, H = 49.18 kJ/mol) 


(T = 80°C. H = 10.85 kJ/mol) 
(T = 120°C. H = 45.79 kJ/mol) 
(T = 111°C,// = 18.58 kJ/mol) 
(T = lllX,# = 52.05 kJ/mol) 


(a) Suppose the feed is equimolar in benzene and toluene (zb = 0.500). Take a basis of 1 mol of feed 

and do the degree-of-freedom analysis on the unit to show that if T and P are specified, you can 
calculate the molar compositions of each phase (.r B and y B ). the moles of the liquid and vapor 
products (n L and n v ). and the required heat input (Q). Don 't do any numerical calculations in 
this pan. 

(b) Do the calculations of part (a) for T = 90°C and P = 652 mm Hg. ( Suggestion: First derive an 
equation for that can be solved by trial and error from known values of T and P.) 

(c) For zb = 0.5 and T = 90°C, there is a range of feasible operating pressures for the evaporator. 
P min < P < Pmax- If the evaporator pressure P fell outside this range, no separation of benzene 
and toluene would be achieved. Why not? What would emerge from the unit if P < P min ? What 
would emerge if P > P m ax ? [Hint: Look at your solution to part (b) and think about how it would 
change if you lowered P .] 

*(d) Set up a spreadsheet to perform the calculation of part (b) and then use it to determine P m3X 
and P mm . The spreadsheet should appear as follows (some solutions are shown): 


Problem 7.51- 

—Flash vaporization of benzene and toluene 









i 

zB 

T 

P 

pB* 

P T* 

xB 

yB 

nL 

nV 

Q ! 











0.500 

90.0 

652 

1021 




0.5543 


8.144 

0.500 

90.0 

714 







-6.093 

0.500 

90.0 








| 


'Computer problem. 
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Additional columns may be used to store other calculated variables (e.g., specific enthalpies). 
Briefly explain why Q is positive when P = 652 mm Hg and negative when P = 714 mm Hg. 
(e) In successive rows, repeat the calculation for the same zb and T at several pressures between 
p min and p max . Generate a plot (using the spreadsheet program itself, if possible) of n v versus P . 
At approximately what pressure is half of the feed stream vaporized? 

7,52. An aqueous solution with a specific gravity of 1.12 flows through a channel with a variable cross 
section. Data taken at two axial positions in the channel are shown here. 



Point 1 

Point 2 

P gauge 

j 1.5 x10 s Pa 

9.77 x 10 4 Pa 

U 

5.00 m/s 

v 


Point 2 is 6.00 meters higher than point 1. 

(a) Neglecting friction, calculate the velocity at point 2. (See Example 7.7-1.) 

(b) If the pipe diameter at point 2 is 6.00 cm, what is the diameter at point 1? 

7253. A venturi meter is a device to measure fluid flow rates, which in its operation resembles the orifice 
meter (Section 3.2b). It consists of a tapered constriction in a line, with pressure taps leading to a dif¬ 
ferential manometer at points upstream of the constriction and at the point of maximum constriction 
(the throat). The manometer reading is directly related to the flow rate in the line. 
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Suppose the flow rate of an incompressible fluid is to be measured in a venturi meter in which 
the cross-sectional area at point 1 is four times that at point 2. 

(a) Derive the relationship between the velocities «i and u 2 at points 1 and 2. 

(b) Write the Bernoulli equation for the system between points 1 and 2, and use it to prove that to 
the extent friction is negligible 


Pi-Pi- 


15 pV 2 

2 A? 


where Pi and P 2 are the pressures at point 1 and 2, p and V are the density and volumetric flow 
rate of the flowing fluid, and A; is the cross-sectional area of the pipe at point 1. 

(c) Suppose this meter is used to measure the flow rate of a stream of water, using mercury as the 
manometer fluid, and a manometer reading h = 38 cm is recorded. What is the volumetric flow 
rate of the water if the pipe diameter at point 1 is 15 cm? (Recall the differential manometer 
equation, Equation 3.4-6.) 

7.54. Methanol is contained in a large tank under a pressure of 3.1 bar absolute. When a valve on the 
bottom of the tank is opened, the methanol drains freely though a 1-cm ID tube whose outlet is 7.00 
m below the surface of the methanol. The pressure at the outlet of the discharge pipe is 1 atm. 

(a) Use the Bernoulli equation to estimate the methanol discharge velocity and flow rate in L/min 
when the discharge valve is fully opened. Neglect the rate of fall of the methanol level in the 
tank. (See Example 7.7-2.) 
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(b) When the discharge valve is partially closed, the flow rate decreases, which means that Am 2 '2 
changes. However, the other two terms in the Bernoulli equation (A p/p and g A z) remain the 
same. How do you account for this apparently contradictory result? {Hint: Examine the assump¬ 
tions made in the derivation of the Bernoulli equation.) 


3.5 bar 



7 m 
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7.55. Water is to be pumped from a lake to a ranger station on the side of a mountain (see figure). The 
flow rate is to be 95 gal/min, and the flow channel is a standard 1-in. Schedule 40 steel pipe (ID = 
1.049 in.). A pump capable of delivering 8 hp (= - W,) is available. The friction loss F (ft-lb f /lb m ) 
equals 0.041L, where L(ft) is the length of the pipe. Calculate the maximum elevation, z, of 
the ranger station above the lake if the pipe rises at an angle of 30°. 
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7.56. Water from a reservoir passes over a dam through a turbine and discharges from a 70-cm ID pipe 
at a point 65 m below the reservoir surface. The turbine delivers 0.80 MW. Calculate the required 
flow rate of water in m 3 /min if friction is neglected. (See Example 7.7-3.) If friction were included, 
would a higher or lower flow rate be required? {Note: The equation you will solve in this problem 
has multiple roots. Find a solution less than 2 m 3 /s.) 

7.57. Cloth bag filters are used to remove particulate matter from the gases passing out through several 
process and boiler stacks in a large industrial plant. The bags become clogged and must be replaced 
frequently. Since they are quite expensive, rather than being discarded they are emptied, washed, 
and reused. In the washing process, a detergent solution with a specific gravity of 0.96 flows from a 
storage tank to a washing machine. The liquid effluent from the machine is pumped through a filter 
to remove dirt, and the cleaned detergent is recycled back to the storage tank. 

Detergent flows from the storage tank to the washing machine by gravity feed at a rate of 
600 L/min. All pipes in the line have 4.0-cm inner diameters. Friction losses are negligible in the 
line from the tank to the washing machine when the valve is fully opened, and F = 72 J/kg in the 
return line, which includes the pump and filter. 

(a) Calculate the value of the height H (see figure) required to provide the desired flow rate of 
detergent into the washing machine when the valve is fully opened. 

(b) Suppose the pump has an etficiency of 75%, that is, it delivers 75% of its rated value as shaft 
work. What must the rated value (kW) of the pump be to return 600 L/min of detergent to the 
storage tank? 
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7.58. One thousand liters of a 95 wt% glycerol-5 % water solution is to be diluted to 60% glycerol by 
adding a 35% solution pumped from a large storage tank through a 5-cm ID pipe at a steady rate. 
The pipe discharges at a point 23 m higher than the liquid surface in the storage tank. The operation 
is carried out isothermaily and takes 13 min to complete. The friction loss (F of Equation 7.7-2) is 
50 J/kg. Calculate the final solution volume and the shaft work in kW that the pump must deliver, 
assuming that the surface of the stored solution and the pipe outlet are both at 1 atm. 

Data: Phzo — 100 kg/L, p $iy = 1.26 kg/L. (Use to estimate solution densities.) 
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Balances on 
Nonreactive Processes 

We have seen that for an open system in which shaft work and kinetic and potential energy 
changes can be neglected, the energy balance reduces to 

Q = Mi 

= 

out in 

where the Hi's are the specific enthalpies of the inlet and outlet stream components at their 
respective process conditions (temperatures, pressures, and states of aggregation) relative to 
those components at some reference conditions. For an integral balance on a closed constant- 
volume system (W = 0), n (amount) would replace h (flow rate) in this equation, U (internal 
energy) would replace H (rate of enthalpy transport) and 0 (specific internal energy) would 
replace H (specific enthalpy). 

In Chapter 7, we dealt only with processes involving species for which specific enthalpies 
and internal energies at specified conditions could be found in tables. Unfortunately, you cam 
not count on finding such data for every species with which you work. This chapter presents 
procedures for evaluating A// or At/ when tables of H and 0 are not available for all process 
species. Once these calculations have been performed, the energy balance may be written and 
solved as before. 

8.0 INSTRUCTIONAL OBJECTIVES 

After completing this chapter, you should be able to do the following: 

• Define both formally (in terms of internal energies and enthalpies) and in words a high school 
senior could understand the variables C V (T) (heat capacity at constant volume), C P (T) (heat 
capacity at constant pressure), A H m (heat of fusion or heat of melting), A H v (heat of va¬ 
porization), standard heats of fusion and vaporization, and A/? s (heat of solution or heat of 
mixing). 

• Calculate A U and A H for the following changes in state of a species, when possible using 
enthalpies and internal energies, heat capacities, latent heats, and liquid and solid specific 
gravities tabulated in this text: (a) isothermal changes in pressure, (b) isobaric (constant- 
pressure) changes in temperature, (c) isothermal isobaric phase changes, and (d) isothermal 
isobaric mixing of two or more species. State when the formulas you use for these calculations 
are exact, good approximations, and poor approximations. 

• Given a reference state (phase, temperature, and pressure) and a process state for a species, 
(a) choose a path from the reference state to the process state consisting of a series of 
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isothermal pressure changes, isobaric temperature changes, and isothermal isobaric phase 
changes; (b) calculate 0 and H for the species at the process state relative to the species at 
the reference state. 

• High school physics and chemistry texts commonly state that the heat ( Q ) required to raise 
the temperature of a mass m of a substance by an amount AT is Q — mC p AT, where C p is 
defined as the heat capacity of the substance. Explain why this formula is only an approx¬ 
imation. List the assumptions required to obtain it from the closed system energy balance 
(Q + W = Af/ 4- A£k + A£ p ). 

• If your class covers Section 8.3e, evaluate 

( Tl 

C P (T) dT 

Jr, 

using the trapezoidal rule or Simpson’s rule (Appendix A.3) from data for C p at several 
temperatures between 7\ and T 2 . 

• Estimate the heat capacity of a liquid or solid species using Kopp’s rule. Estimate the heat 
of fusion and heat of vaporization of a species using correlations in Section 8.4b. 

• Given any nonreactive process for which the required heat transfer Q or heat transfer rate 
Q is to be calculated, (a) draw and label the flowchart, including Q or Q in the labeling; 
(b) carry out a degree-of-freedom analysis; (c) write the material and energy balances and 
other equations you would use to solve for all requested quantities; (d) perform the calcula¬ 
tions; and (e) list the assumptions and approximations built into your calculations. 

• Given an adiabatic process or any other nonreactive process for which the value of Q (closed 
system) or Q (open system) is specified, write material and energy balance equations and 
solve them simultaneously for requested quantities. 

• Define the dry-bulb temperature, wet-bulb temperature, and humid volume of humid air. 
Given values of any two of the variables plotted on the psychrometric chart (dry-bulb and 
wet-bulb temperatures, absolute and relative humidity, dew point, humid volume), deter¬ 
mine the remaining variable values and the specific enthalpy of the humid air. Use the psy¬ 
chrometric chart to carry out material and energy balance calculations on a heating, cooling, 
humidification, or dehumidification process involving air and water at 1 atm. 

• Explain the meaning of the apparently contradictory term adiabatic cooling. Explain how 
spray cooling and humidification, spray dehumidification, and spray drying work. Explain 
how it is possible to dehumidify air by spraying water into it. Use the psychrometric chart to 
carry out material and energy balance calculations on an adiabatic cooling operation involv¬ 
ing air and water at 1 atm. 

• Explain to a first-year engineering student why a beaker containing acid gets hot if you add 
water to it. 

• Use the heat of solution data in Table B.10 and solution heat capacity data to (a) calculate 
the enthalpy of a hydrochloric acid, sulfuric acid, or sodium hydroxide solution of a known 
composition (solute mole fraction) relative to the pure solute and water at25°C; (b) calculate 
the required rate of heat transfer to or from a process in which an aqueous solution of HC1, 
H 2 SC> 4 , or NaOH is formed, diluted, or combined with another solution of the same species; 
and (c) calculate the final temperature if an aqueous solution of HC1, H 2 SO 4 , or NaOH is 
formed, diluted, or combined with another solution of the same species adiabatically. 

• Perform material and energy balance calculations for a process that involves solutions for 
which enthalpy-concentration charts are available. 

8.1 ELEMENTS OF ENERGY BALANCE CALCULATIONS 

In this section, we outline a procedure for solving energy balance problems that will be ap¬ 
plied to both nonreactive processes (this chapter) and reactive processes (Chapter 9). Section 
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8.1a reviews the concept of a reference state for specific internal energy and enthalpy calcula¬ 
tions, and Section 8.1b reviews the fact that U and H are state properties, so that the values 
of A U or AH (closed system) and AH (open system) calculated for a process are independent 
of the reference states chosen for calculations of f/, and /?,. Section 8.1c outlines a procedure 
for organizing energy balance calculations and presents an extended illustrative example. The 
remainder of the chapter presents formulas and methods for calculating AU , AH, and AH for 
processes that involve heating and cooling, compression and decompression, phase changes, 
mixing of liquids, and dissolving of gases and solids in liquids. 


8.1a Reference States—A Review 

Recall that we can never know the absolute values of U and H fur a species at a given state. 
0 (kJ/mol) is the sum of the energies of motion of all 6.02 X10 23 molecules in one gram-mole of 
the species plus the intramolecular kinetic and potential energies of all the atoms and subatomic 
particles, which are quantities we cannot determine. Since H = U + PV and we cannot know 
the value of U, we also cannot know the value of H at a specified state. 

Fortunately, we never need to know the absolute values of 0 or H at specified states: we 
only need to know AU and AH for specified changes of state, and we can determine these 
quantities experimentally. 1 We may therefore arbitrarily choose a reference state for a species 
and determine A 0 = 0 — 0 Te { for the transition from the reference state to a series of other 
states. If we set t/ ref equal to zero, then U( = At/) for a specified state is the specific internal 
energy at that state relative to the reference state. The specific enthalpies at each state can then 
be calculated from the definition, H = U + PV, provided that the specific volume ( V) of the 
species at the given temperature and pressure is known. 

The values of 0 and H in the steam tables were generated using this procedure. The ref¬ 
erence state was chosen to be liquid water at the triple point [H 2 0(1, 0.01°C, 0.00611 bar)], at 
which point 0 was defined to be zero. According to Table B.7, for water vapor at 400°C and 
10.0 bar, t) - 2958 kJ/kg. This does not mean that the absolute value of U for water in the 
specified state is 2958 kJ/kg; remember, we cannot know the absolute value of U. It means that 
U of water vapor at 400°C and 10.0 bar is 2958 kJ/kg relative to water at the reference state, or 
H 2 0(1,0.01°C, 0.00611 bar) — H 2 0(v, 400°C, 10.0 bar), AU = 2958 kJ/kg 

Relative to water at the same reference state, the specific enthalpy of water vapor at 400°C and 
10.0 bar is 


H = 0 + PV 


= 2958 kJ/kg + 


10 bar 

0.307 m 3 

10 3 L 

8.314 x 10~ 3 kJV(mol-K) 


kg 

1m 3 

0.08314 L-bar/(mol-K) 


= 3264 kJ/kg 


The quantities 8.314 X 10' 3 and 0.08314 are values of the gas constant expressed in different 
units (see inside back cover). 


TEST Suppose water vapor at 300°C and 5 bar is chosen as a reference state at which H is defined to 

YOURSELF be zero. Relative to this state, what is the specific enthalpy of liquid water at 75°C and 1 bar? 

(Answers, p. 660) What is the specific internal energy of liquid water at 75°C and 1 bar? (Use Table B.7.) 


l The method is to transfer a measured amount of energy, Q, to a known mass of a species, m, in a dosed system 
under conditions such that W = 0, d£ k = 0, and AE P — 0; measure any changes in temperature, pressure, and 
phase; and calculate At) corresponding to these changes from the energy balance, Q = m AU. 
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8.1b Hypothetical Process Paths 

In Chapter 7, we observed that U and H are state properties of a species: that is, their values 
depend only on the state of the species—primarily on its temperature and state of aggregation 
(solid, liquid, or gas) and, to a lesser extent, on its pressure (and for mixtures of some species, on 
its mole fraction in the mixture). A state property does not depend on how the species reached 
its state. Consequently, when a species passes from one state to another, both AC and AH for the 
process are independent of the path taken from the first state to the second one. 

In most of this chapter and in Chapter 9, you will learn how to calculate internal energy 
and enthalpy changes associated with certain processes: specifically, 

1. Changes in P at constant T and state of aggregation (Section 8.2). 

2. Changes in T at constant P and state of aggregation (Section 8.3). 

3. Phase changes at constant T and P —melting, solidifying, vaporizing, condensing, subli¬ 
mating (Section 8.4). 

4. Mixing of two liquids or dissolving of a gas or a solid in a liquid at constant T and P 

(Section 8.5). 

5. Chemical reaction at constant T and P (Chapter 9). 

For example, compressing hydrogen gas from 1 atm to 300 atm at 25°C is a Type 1 process; 

melting ice at 0°C and then heating the liquid water to 30°C, all at 1 atm, is a Type 3 process 

followed by a Type 2 process; mixing sulfuric acid and water at a constant temperature of 20°C 
and a constant pressure of 1 atm is a Type 4 process. 

Once we know how to calculate A 0 and AH for these five types of processes, we can cal¬ 
culate these quantities for any process by taking advantage of the fact that U and H are state 
properties. The procedure is to construct a hypothetical process path from the initial state to 
the final state consisting of a series of steps of the given five types. Having done this, we calcu¬ 
late AH for each of the steps, and then add the AH's for the steps to calculate AH for the total 
process. Since H is a state property, AH calculated for the hypothetical process path — which we 
constructed for convenience—is the same as AH for the path actually followed by the process. 
The same procedure can be followed to calculate A U for any process. 

Suppose, for example, that we wish to calculate AH for a process in which solid phenol at 
25°C and 1 atm is converted to phenol vapor at 300°C and 3 atm. If we had a table of enthalpies 
for phenol, we could simply subtract H at the initial state from H at the final state, or 

AH = //(vapor, 300°C, 3 atm) - f) (solid, 25°C, 1 atm) 

However, we do not have such a table. Our task is then to construct a hypothetical process path 
from the solid at 25°C and 1 atm to the vapor at 300°C and 3 atm. To do so, we will look ahead 
a bit and note that Table B.l gives enthalpy changes for the melting of phenol at 1 atm and 
42.5°C (the normal melting point of phenol) and for the vaporization of phenol at 1 atm and 
181.4°C (the normal boiling point of phenol). We therefore choose the following hypothetical 
process path: 


Ph (s, 25°C, 

Ph (s, 42.5°C, 
Ph (I, 42.5°C, 
Ph (I. 181.4°C, 


Ph = phenol(C 6 H 5 0H) 


atm) 



a Mi 

AM X 

atm) 



Atfj 

atm) 


atm) 

&h 3 


300.0 5 C, 3 atm) 


300.0°C, 1 atm) 


Ph (v, 181.4°C, 1 atm) 
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Notice that in this path, the first, third, and fifth steps are Type 2 (change in T at constant jP), 
the second and fourth steps are Type 3 (change in phase at constant T and P), and the sixth 
step is Type 1 (change in P at constant T). Also notice that the phase changes were made to 
occur at the conditions for which tabulated enthalpy changes are available. 

The next step in the calculation would be to determine the values of A// for Steps 1, 3. 5. 
and 6 using methods to be given in Section 8.2; read the values of AH 2 and A// 4 from Table B.l: 
and then use the fact that enthalpy is a state property to calculate the desired A H ( 1H for the 
upper dashed line in the figure) as 

A H = A//j + A H 2 + A H% + A« 4 + A// 5 + A H 6 


Construct a process path for each of the following processes consisting of sequential steps of the 
five types listed in the preceding section. (An illustrative solution is given for the first process.) 

1. Nitrogen at 20°C and 200 mm Hg is heated and compressed to 140°C and 40 atm. (One 
of an infinite number of possible solutions: Heat at 200 mm Hg from 20°C to 140°C, then 
compress isothermally from 200 mm Hg to 40 atm.) 

2. Cyclohexane vapor at 180°C and 5 atm is cooled and condensed to liquid cyclohexane at 
25°C and 5 atm. The enthalpy change for the condensation of cyclohexane at 80.7°C and 
1 atm is known. 

3. Water at 30°C and 1 atm and NaOH at 25°C and 1 atm are mixed to form an aqueous 
NaOH solution at 50°C and 1 atm. The enthalpy change for the dissolution of NaOH in 
water at 25°C and 1 atm is known. 

4. O? at 170°C and 1 atm and CH 4 at 25°C and 1 atm are mixed and react completely to form 
CO 2 and H 2 O at 300°C and 1 atm. The enthalpy change for the reaction occurring at 25°C 
and 1 atm is known. 

8.1c Procedure for Energy Balance Calculations 

Most of the problems at the end of this chapter and Chapter 9 look very much like the problems 
in Chapters 4 to 6: given values of some process variables (feed and product stream tempera¬ 
tures, pressures, phases, amounts or flow rates, and component mole fractions), calculate values 
of other process variables. Starting in this chapter, you will also be asked to calculate the heat 
transferred to or from the process system (one additional variable), which will require writing 
and solving an energy balance (one additional equation). 

Here is the procedure to follow for the energy balance calculation. 

1. Perform all required material balance calculations. 

2. Write the appropriate form of the energy balance (closed or open system) and delete any 
of the terms that are either zero or negligible for the given process system. For a stationary- 
closed system, drop AE k and A£ p , and neglect W if the system volume is constant, there are 
no moving parts (such as a mixing impeller in a stirred tank), and no energy is transferred 
to or from the system by electricity or radiation. For an open system at steady state, drop 
A£ p if there is no appreciable vertical separation between the inlet and outlet ports and 
drop W$ if there are no moving parts (such as a pump or turbine impeller) and no energy 
is transferred by electricity or radiation. In addition, if temperature changes of more than 
a few degrees, phase changes, or chemical reactions occur in the process, A£ k may usually 
be neglected. 

3. Choose a reference state — phase, temperature, and pressure—for each species involved 

in the process. If H or 0 for a species will be looked up in a table (such as the steam tables 
for water), choose the reference state used to generate the table; otherwise, choose one 
of the inlet or outlet states as the reference state for the species (so that at least one H or 
0 may be set equal to zero). 


TEST 

YOURSELF 
(Answers, p. 660) 
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EXAMPLE 8.1-1 


9 

Equipment 

Encyclopedia 

condenser 


SOLUTION 


4. For a closed constant-volume system, construct a table with columns for initial and 
final amounts of each species (m t or n f ) and specific internal energies relative to the 
chosen reference states (Ut)} For an open system, construct a table with columns for 
inlet and outlet stream component flow rates (m,- or hi) and specific enthalpies relative 
to the chosen reference states (Hi). Insert known values of the amounts or flow rates and 
the specific internal energies and enthalpies, and insert labels for the entries that must be 
calculated (e.g., H\,Hi ,...). The next example illustrates the construction of such a table 

5. Calculate all required values of (or Hi) and insert the values in the appropriate 
places in the table. To perform the calculation for a species in a particular state (inlet 
or outlet), choose any convenient path from the reference state to the process state and 
determine (/,- (//,-) as A 0 (A/?) for that path. Sections 8.2-8.5 outline these calculations 
for different types of processes. 

6. Calculate 

Closed System: Al/ = ^ n,Uj - «,£/, or ^ m, f/,- - ^ htjOj 

final initial out in 

Open System: AH = «;//,■ - ^ «,//, or m i H l - ^ miHi 

out in out in 

7. Calculate any work, kinetic energy, or potential energy terms that you have not dropped 
from the energy balance. 

8. Solve the energy balance for whichever variable is unknown (often Q orQ). 

Closed System: Q~W = A U + A+ A £ p 

Open System: Q ~ W s = AH + AE k + A£ p 

The complete procedure for an open system is illustrated in the next example. We encour¬ 
age you to take the time to follow each step, even though some parts may not be completely 
clear until you get to material that comes later in the chapter. The better you understand this 
example, the easier it will be for you to understand the rest of the chapter and to solve the 
chapter-end problems. 


Energy Balance on a Condenser 

Acetone (denoted as Ac) is partially condensed out of a gas stream containing 66.9 mole% acetone 
vapor and the balance nitrogen. Process specifications and material balance calculations lead to the 
flowchart shown below. 


. 36.45 mol/s 

<2(J/S) -- 




0.092 mol Ac(v)/mol 
0.908 mol Nj/mol 

100 mol/$ 

CONDENSEf 

20°C, 5 atm 

0.669 mol Ac(v)/mo! 


0.331 mol Nj/mol 
65°C, 1 atm 


63.55 mol Ac(l)/s 


20°C, 5 atm 


The process operates at steady state. Calculate the required cooling rate. 

We will follow the procedure given preceding this example. 

1. Perform required material balance calculations. None are required in this example. 

2. Write and simplify the energy balance. 


2 Use f), instead of U, for a closed constant-pressure system, since Q = AH for such systems. 
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For this open steady-state system. Q - W s = AH + AE* + A£ p . There are no moving parts 
in the system and no energy is transferred by electricity or radiation, so W % = 0. No significant 
vertical distance separates the inlet and outlet ports, so AE P *> 0. Phase changes and nonnegligible 
temperature changes occur, so AEt «= 0 (relative to AH). The energy balance reduces to 

Q = AH = V h,H, - ]T hfi ; 

out in 

3. Choose reference states for acetone and nitrogen. 

The reference states may be chosen for computational convenience, since the choice has no effect 
on the calculated value of AH. You will later learn that Table B.8 lists specific enthalpies of nitrogen 
relative to N 2 (g, 25°C, 1 atm), which makes this state a convenient choice for nitrogen. There are 
no tabulated enthalpy data for acetone in the text, so we will choose one of the process stream 
conditions, Ac(l, 20°C, 5 atm), as the reference state for this species, which will enable us to set the 
corresponding fi value equal to zero rather than having to calculate it. 

4. Construct an inlet-outlet enthalpy table. 

We first write the chosen reference states, then construct the table shown below: 


References: Ac(l, 20°C, 5 atm), Nj(g, 25°C, 1 atm) 


Substance 

Win 

(mol/s) 

fiin 

(kj/moi) 

Wout 

(mol/s) 

//out 

(kJ/mol) 

Ac(v) 

66.9 

fix 

3.35 

fiz 

Ac(l) 

— 

— 

63.55 

0 

n 2 

33.1 

fit 

33.1 

Ha 


Note the following points about the table: 

• Nitrogen has only one inlet state (gas, 65°C, 1 atm) and one outlet state (gas, 20°C, 5 atm), so we 
need only one row in the table for N?. Acetone has one inlet state (vapor, 65°C, 1 atm) but two 
outlet states (vapor and liquid, each at 20°C and 5 atm), so we need two rows for this species. 

• We mark out (using dashes) the two cells corresponding to n in and fi m for liquid acetone, since no 
liquid acetone enters the system. 

• The h values are obtained from the flowchart. The flow rate of acetone vapor at the inlet, for 
example, is determined as (100 mol/s) [0.669 mol Ac(v)/mol] = 66.9 mol Ac(v)/s. 

• Since the liquid acetone leaving the system is at the reference state, we set its specific enthalpy 
equal to zero. 

• Four unknown specific enthalpies have been labeled and must be determined in Step 5. 

5. Calculate all unknown specific enthalpies. 

To calculate the four unknown specific enthalpies in the table, we construct hypothetical process 
paths from the reference states to the states of the species in the process and evaluate Afi for each 
path. This is the part of the calculation you have not yet learned to do. We will show you the cal¬ 
culation of fix to illustrate the method, give the results of the other calculations, and go into detail 
about the required procedures in Sections 8.2-8.5. 

fix = specific enthalpy of Ac(v, 65°C, 1 atm) relative to Ac(l, 20°C, 5 atm) 

= Afi for Ac(l, 20°C, 5 atm) —- Ac(v, 65°C, 1 atm) 

When choosing a process path for the determination of Afi, it helps to know that formulas and 
data are given in this chapter for enthalpy changes corresponding to certain types of processes: 

• Section 8.2 gives the formula Afi = V AP for a change in pressure (A P) undergone by a liquid 
or solid with constant specific volume V. The value of V for liquid acetone may be determined as 
0.0734 L/mol from the specific gravity (0.791) given in Table B.l. 
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• Section 8.3 shows that A H = j r ^ C P (T) dT for a change from T\ to T 2 at constant P. Formulas 
for C P (T ), the heat capacity at constant pressure, are given in Table B.2. The formulas for acetone 
liquid and vapor are as follows: 

c '{Jk )-°' n3 + ls ' 6xl °- !T 

C p = 0.07196 + 20.10 x 10~ 5 r - 12.78 x 10~ 8 r 2 + 34.76 X 10~ ,2 r 3 

where T is in °C. 

• Section 8.4 defines the heat of vaporization, A H,(T bp ), as AH for a change from liquid to vapor at 
the normal boiling point, T bp . Table B.l lists T bp for acetone as 56.0°C and A// v (J bp ) as 30.2 kJ/mol. 

The following process path from the reference state [Ac(l), 20°C, 5 atm] to the process state [Ac(v, 
56°C, 1 atm)] enables us to use all this information in the determination of H x : 3 

Ac(l, 20°C, 5 atm)^ Ac(l, 20°C, 1 atm)^Ac(l, 56°C, 1 atm) 


Ac(l): 
Ac(v): 


Ac(v, 56°C, 1 atm)—i Ac(v. 65°C. 1 atm) 

I 

= Af/ pa ,h 

= AJ) la + AH Xb + A f) Xc + A H ld 


= $ Am (l atm - 5 atm) + ( (C p ) Ac(1) dT + (A f? v ) Ac + f (C p ) Ac<v) dT 

J20°C j 56°C 

When we substitute the values of V Ac0) and A H y and the formulas for C P (T) into the expression for 
and carry out the necessary unit conversions and integrations, we obtain H\ = (0.0297 + 4.68 + 
30.2 + 0.753) kJ/mol = 35.7 kJ/mol. 

Proceeding in a similar manner, we obtain the values for H 2 , Hf, and H A shown in the following 
revised enthalpy table: 


References: Ac(l, 20°C, 5 atm), N 2 (g, 25°C, 1 atm) 


Substance 

n m 

(mol/s) 

tfin 

(kJ/mol) 

ttout 

(mol/s) 

(kJ/mol) 

Ac(v) 

66.9 

35.7 

3.35 

32.0 

Ac(l) 

— 

— 

63.55 

0 

n 2 

33.1 

1.16 

33.1 

-0.10 


6. Calculate AH. 

AH = X 

out in 

= (3.35 mol/s)(32.0 kJ/mol) + [(63.55)(0) + (33.1)(-0.10) - (66.9)(35.7) - (33.1)(1.16)] kJ/s 
= -2320 kJ/s 

The factors in the last equation come directly from the inlet-outlet enthalpy table. 

7. Calculate nonzero work, kinetic energy, and potential energy terms. 

Since there is no shaft work and we are neglecting kinetic and potential energy changes, there is 
nothing to do in this step. 


3 To be completely accurate, we would include a step in which the acetone and nitrogen are mixed since the 
references are the pure species; however, enthalpy changes when gases are mixed are generally negligible 
(Section 8.5). 
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8. Solve the energy balance for Q. 

Q = AH = -2320 kJ/s = -2320 kW 

Heat must be transferred from the condenser at a rate of 2320 kW to achieve the required cooling 
and condensation. 

Before we leave this section, let us consider what we just did from a different perspective. 
The process for which we need to calculate A H (= Q) may be depicted as shown below: 

66.9 mol Ac(v) -v 63.55 mol Ac(l) 

33.1 mol N 2 - — -** 3.35 mol Ac(v) 

65°C, 1 atm 33.1 mol N 2 

20°C, 5 atm 

To calculate A H, in effect we constructed the following process path: 

63.55 mol Ac(l) 

66.9 mol Ac(v) AH 3.35 mol Ac(v) 

33.1 mol N 2 33.1 mol N, 

65°C, 1 atm 20°C, 5 atm 



Reference conditions 

66.9 mol Ac(l), 20°C, 1 atm 

33.1 mol N 2 ,25°C, 1 atm 

The total enthalpy change for the first step, A H a , is the negative of A H for the process in which 
acetone and nitrogen go from the reference conditions to the inlet conditions, or 

A H a - - X hjHj 

in 

Similarly, A Ht, is the enthalpy change for the process in which acetone and nitrogen go from 
the reference conditions to the outlet conditions, or 

A H b = hjHj 

out 

Since enthalpy is a state function, the overall enthalpy change for the process must be 
AH = A H a + SH„ = X hiH t - X "A 

out in 

It remains for us to outline methods for calculating At/ and A H for the different types of 
processes we have discussed. The methods for the first four (change in P at constant T. change 
in T at constant P, change in phase at constant T and P, and mixing or dissolving at constant T 
and P) are outlined in Sections 8.2-S.5 of this chapter, and methods for chemical reactions at 
constant T and P are given in Chapter 9. 

8.2 CHANGES IN PRESSURE AT CONSTANT TEMPERATURE 

It has been observed experimentally that internal energy is nearly independent of pressure 
for solids and liquids at a fixed temperature, as is specific volume. Therefore, if the pressure 
of a solid or liquid changes at constant temperature, you may write A 0 = 0 and &H [ — AC + 
A(PV)] ~ V AP. 
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Both U and // are independent of pressure for ideal gases. Consequently, you may gen¬ 
erally assume AU = 0 and AH ~ 0 for a gas undergoing an isothermal pressure change unless 
gases at temperatures well below 0°C or well above 1 atm are involved. [If tables of U(T, p) 
or H{T,P) are available for the gas, there is of course no need to make this assumption.] If 
gases are far from ideal or if they undergo large pressure changes, you must either use tables of 
thermodynamic properties (such as the steam tables for water) or thermodynamic correlations 
beyond the scope of this text to determine AU or AH. A good source for such correlations is 
Chapter 5 of Reid, Prausnitz, and Poling. 4 


TEST 

YOURSELF 
(Answers, p. 660) 


1. Which of the following assumptions appears reasonable for each of the isothermal pro¬ 
cesses to be described below? (i) AU ** 0, Afi ** 0; (ii) AU 0, AH ¥*■ 0; (iii) neither (i) 
or (ii). 

(a) H 2 0 (1, 1 atm) -* H 2 0 (l, 1200 atm), T = 25°C 

(b) N 2 (g, 1 atm) - N 2 (g, 1.2 atm), T = 25°C 

(c) N 2 (g, 1 atm) —• N 2 (g, 200 atm), T = 25°C 

2. Consider the process 

C 2 H 6 (g, 25°C, 1 atm) — C 2 H 6 (g, 25°C, 30 atm) 

How would you use the compressibility charts to determine whether it is reasonable to 
neglect AH for this process? 


8.3 CHANGES IN TEMPERATURE 

8.3a Sensible Heat and Heat Capacities 

The term sensible heat signifies heat that must be transferred to raise or lower the temperature 
of a substance or mixture of substances. The quantity of heat required to produce a temperature 
change in a system can be determined from the appropriate form of the first law of thermody¬ 
namics: 

Q = AU (closed system) (8.3-1) 

Q = AH (open system) (8.3-2) 

(We have neglected kinetic and potential energy changes and work.) To determine the sensible 
heat requirement for a heating or cooling process, you must therefore be able to determine AU 
or AH for the specified temperature change. 

The specific internal energy of a substance depends strongly on temperature. If the temper¬ 
ature is raised or lowered in such a way that the system volume remains constant, the specific 
internal energy might vary as shown in the following plot: 



A temperature change AT from T\ leads to a change AU in specific internal energy. As 
AT —* 0, the ratio AU: AT approaches a limiting value (i.e., the slope of the curve at Tj), which 
is by definition the heat capacity at constant volume of the substance, denoted by C v . 


4 R. C. Reid, J. H. Prausnitz, and B. E. Poling, The Properties of Cases and Liquids, 4th Edition, McGraw-Hill. 
New York, 1987. 
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EXAMPLESlS- 


SOLUTION 


C V (T ) = 


r ^ 
urn —— 

Ar—o AT 


(8.3-3) 


Since the plot of C? versus T is not generally a straight line, C v (the slope of the curve) is a 
function of temperature. 

The change in 0 for a temperature rise from T to T + dT at constant volume is from 
Equation 8.3-3 

dt) = C V (T) dT (8.3-4) 

and the change AC/ = U 2 - C/j associated with a temperature change from T\ to T 2 at constant 
volume is, accordingly, 

AC/ = f 2 C V (T) dT (8.3-5) 

Jr, 

Now, suppose both the temperature and the volume of a substance change. To calculate 
AC/, you may break the process into two steps—a change in V at constant T followed by a 
change in T at constant V'. 

A(Ti, )^A(T U V 2 )^A(T 2 ,9 2 ) 

A_I 

AC? 

Since U is a state property, AC? (the desired quantity) equals AC?i + AC? 2 - But for ideal gases and 
(to a good approximation) liquids and solids, 0 depends only on T, so that since T is constant 
in step 1, AC/i * 0 for any substance but a nonideal gas. Moreover, since the second step is a 
change in temperature at constant volume, AC? 2 is given by Equation 8.3-5. In summary, then, 
for a temperature change from T) to T 2 


AC? * ' C V (T) dT 

r, 


Ideal gas: exact 

Solid or liquid: good approximation 
Nonideal gas: valid only if V is constant 


(8.3-6) 


Evaluation of an Internal Energy Change from Tabulated Heat Capacity 

Calculate the heat required to raise 200 kg of nitrous oxide from 20°C to 150°C in a constant-volume 
vessel. The constant-volume heat capacity of N 2 Q in this temperature range is given by the equation 


C v (kJ/kg-°C) = 0.855 + 9.42 X 10" 4 r 


where T is in °C. 
From Equation 8,3-6, 


r 150-C / kJ \ 

AC?(kJ/kg) = J (0.855 + 9.42 x lO” 4 !) j dT 


_„. 855rg?+ ? 


= (111 + 10.4) kJ/kg = 121 kJ/kg 
The energy balance for this closed system is 


Q — AC/ = m(kg) AC?(kJ/kg) = (200kg)(121 kJ/kg) - 24,200 kJ j 


Next, let us suppose that we heat a substance at constant pressure and consider the result¬ 
ing change in enthalpy. Like internal energy, enthalpy depends strongly on temperature. If A H 
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is the change in specific enthalpy resulting from a temperature increase at constant pressure 
from T to T + AT, then as AT approaches zero the ratio AH/AT approaches a limiting value 
defined as the heat capacity at constant pressure and denoted by C p . 


C P (T ) = 


lim **] 

= f-'l 

Ar-o AT J 

V T l 


(8.3-7) 


Proceeding as before, we observe that the change in H for a temperature change at constant 
pressure from T to T + dT is 

dH = C p (T)dT 

and so for a change from T x toT 2 at constant pressure 


AH =\ Tl C p (T)dT (8.3-8) 

JT\ 

For a process A(T\, P{) -» A{T 2 , P 2 ), we may construct a two-step process path 

A(T 1 ,P l )^lA(T u P 2 )^lA(T 2 ,P 2 ) 

1_I 

AH 

The first step is a change in pressure at constant temperature, the type of process described in 
Section 8,2. We saw in that section that 


A Hi = 0 (ideal gas) 

. 5 (8.3-9) 

**VAP (solid or liquid) 

The second step is a change in temperature at constant pressure, so that AH 2 is given by Equa¬ 
tion 8.3-8. Finally, since AH = AH } + AH 2 (why?), we obtain 


A/? 


C P (T) dT 


Ideal gas: exact 

Nonideal gas: exact only if P is constant 


(8.3-10a) 


fh j 

AH - V AP + C P (T) dT j Solid or liquid (8.3-10b) 

jT[ I 


For all but large pressure changes and small temperature changes, the first term of Eq. 8.3-10b 
is usually negligible relative to the second term. 

Evaluating AH for a nonideal gas undergoing a temperature and pressure change is best 
done using tabulated enthalpies. If none are available, a thermodynamic relation for variations 
of H with P must be combined with Equation 8.3-8 to determine the enthalpy change; such 
relations are given by Reid, Prausnitz, and Poling (see footnote 4). 


TEST 

YOURSELF 
(Answers, p. 660) 


1. By definition, what are C v and C p 7 

2. Suppose the formula 

- f Tl 

AH = C p (T)dT 

Jr, 

is used to calculate the specific enthalpy change for a change in temperature and pressure 
undergone by (a) an ideal gas, (b) a highly nonideal gas, and (c) a liquid. For which of 
these is the formula exact, and for which is it most likely to lead to significant error? 

3. If C p for an ideal gas is 0.5 cal/(g- 5 C) (i.e., a constant), what is the enthalpy change in 
calories corresponding to a change from 10°C to 30°C undergone by five grams of the 
gas? 
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CREATIVITY EXERCISE 

Your task this time is to estimate the heat capacity of an unknown liquid. You have available 
a laboratory balance, a very well-insulated container, a sensitive thermometer that can mea¬ 
sure liquid temperatures, and a thermocouple that can measure temperatures of solids. The 
container is a very poor conductor of heat, so that virtually all heat transferred to or from its 
contents goes entirely into changing the temperature of those contents. If you need anything 
else (within reason), you can get it. Devise as many ways as you can to estimate C v , which 
you may assume is independent of temperature. [Example: Mix in the insulated flask a known 
mass, m h of your liquid at temperature 7"i, and a known mass, m 2 , of hot water at tempera¬ 
ture T 2 , and measure the final temperature T { . Since you can calculate the heat lost by water, 
q - ~ Tf), and you know Q must also equal the heat gained by the other liquid, 

- Ti), you can solve for C„.] 


8.3b 


Heat Capacity Formulas 


The heat capacities C v and C p are physical properties of materials and are tabulated in standard 
references such as Perry’s Chemical Engineers’ Handbook. 5 They may be expressed in any 
units of energy per unit amount per unit temperature interval—for example, J/(mol-K), or 
Btu/(lb m -°F). The term specific heat is also used for this physical property. 

Heat capacities are functions of temperature and are frequently expressed in polynomial 
form (C p - a + bT + cT z + dT 3 ). Values of the coefficients a, b, c, and d are given in Table 
B.2 of Appendix B for a number of species at 1 atm, and listings for additional substances are 
given on pp. 2-161 to 2-186 of Perry's Chemical Engineers’ Handbook. 

When reading the coefficients of a heat capacity formula from Table B.2, do not mistake 
their orders of magnitude: if a value of 72.4 is read from the column labeled b • 1(P, then the 
value of b must be five orders of magnitude less than 72.4, or b — 72.4 X IQ -5 . 

Simple relationships exist between C p and C„ in two cases: 


| Liquids and Solids: C p = C v 


Ideal Gases: C p = C v + R j 


(8.3-11) 

(8.3-12) 


where R is the gas constant. (Try to prove the second relation.) The relationship between C p 
and C v for nonideal gases is complex and will not be discussed in this text. 


EXAMPLE 8.3-2 Cooling of an Ideal Gas 

Assuming ideal gas behavior, calculate the heat that must be transferred in each of the following 
cases. 

1. A stream of nitrogen flowing at a rate of 100 mol/min is heated from 20°C to 100°C. 

2. Nitrogen contained in a 5-liter flask at an initial pressure of 3 bar is cooled from 90°C to 30°C. 

SOLUTION Neglecting kinetic energy changes, the energy balance equation for the open system of part 1 is 

Q = SH, and that for the closed system of part 2 is Q = ku. (Prove it.) The problem is therefore 
to evaluate SH and SU for the two specified processes. 

1. From Table B.2, Appendix B, the heat capacity of N 2 at a constant pressure of 1 atm is 

C p [kJ/(mol-°C)] = 0.02900 + 0.2199 x 10~ s 7 + 0.5723 X 10~ 8 7 2 - 2.871 X 10" U T 3 


S R. H. Perry and D. W. Green, Eds., Perry’s Chemical Engineers’ Handbook, 7th Edition, McGraw-Hill, New 
York, 1997. 
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where 7 is in °C. Since we are assuming ideal gas behavior, the enthalpy change for the gas is 
independent of any pressure change that may occur, and hence, from Equation 8.3-10a, 

f 100“C 

AH = C P (T ) dT 

J2QFC 

I 

C -TC _ 2 ilOfTC _3 -ilOQ°C 

+ 0.2199 x 10~ 5 — + 0.5723 x 10~ 8 — 

c 2 W 3 J20*C 

T 4 -|I00“C 

— 2.871 X 10" 12 4- 

4 w 


Finally, 


(2.320 + 0.0106 + 1.9 x 10" 3 - 

Q = AH = h AH 


= 100^ 

2.332 kJ 

min 

mol 


233 kj/min 


2. To evaluate AU, we need the number of moles n, which may be calculated using the ideal gas 
equation of state, and A 0. To determine the latter quantity we need the constant-volume heat 
capacity, which from Equation 8.3-12 is 


C v — C p - R 

C p given above 

R = [8.314 J (/moi-K)](l K/l°C)(l kJ/lO 3 J) 


C„[kJ/(mol-°C)] = 0.02069 + 0.2199 x 10" 5 7 + 0.5723 x 10“ 8 r 2 - 2.871 x 10" 12 r 3 

Calculate AU 

j-30“C 

AU = C V (T) dT 
J<xrc 


II 

AU = 0.020697 


|30”C n 30*C 

+ 0.2199 X 10" 5 ^ 

JWC 2 J90-C 


j-3 

+ 0.5723 x 10~ 8 y 


- 2.871 X 10' 12 ? 

4 


“ (-1.241 - 7.92 X 10~ 3 - 1.34 x 10" 3 + 5 x 10" 5 ) kJ/mol = -1.250 kJ/mol 

Calculate n 


At the initial condition (the only point at which we know P, V, and 7) 
n = PV/RT 


Calculate Q 


(3.00 bar)(5.00 L) 
[0.08314 L * bar/(mol • K)] (363 K) 


= 0.497 mol 


Q = AU = n AU 

= (0.497 mol)(~ 1.250 kJ/moi) = | -0.621 kJ 1 


When enthalpies must be calculated frequently for a species, it is convenient to prepare 
a table of H(T) for the species (as was done for water in the steam tables) to avoid having to 
integrate the formula for C P (T) again and again. Tables B.8 and B.9 in Appendix B list specific 
enthalpies of species involved in combustion reactions—air, O 2 , N 2 , H 2 (a fuel), CO, C02. 
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SOLUTION 


TEST 

YOURSELF 
(Answers, p. 660) 


and H 2 0(v). The values in these tables were generated by integrating C P (T ) from the specified 
reference state (25°C for Table B.8, 77°F for Table B.9) to the listed temperatures. The next 
example illustrates the use of these tables. 


Evaluation of AH Using Heat Capacities and Tabulated Enthalpies 


Fifteen kmol/min of air is cooled from 430°C to 100°C. Calculate the required heat removal rate 
using (1) heat capacity formulas from Table B.2 and (2) specific enthalpies from Table B.8. 

air(g, 430°C) —* air(g, 100°C) 

With AEi, A£ p , and W s deleted, the energy balance is 

Q = AH = «airl?air,out ~ h Blr H 3lsm — ^air A// 

Assume ideal gas behavior, so that pressure changes (if there are any) do not affect AH. 

1. The hard way. Integrate the heat capacity formula in Table B.2. 

r ioo°c 

C P (T ) dT 


AH 


»(£)- 


430° C 
tOCC f 


jO.02894 + 0.4147 x 10“ 5 T + 0.3191 x 10~ 8 r 2 - 1.965 x 10" n T 3 1 dT 
f) 4147 X 10~ 5 

0.02894(100 - 430) + - - . ■ ■ (100 2 - 430 2 ) 


+ Q 3191 . X1Q ~ 8 (100 3 - 430 3 ) - ^ 5X ....^ ( 1004 _ 4 3o 4 ) 


kJ/mol 


3 — ' 4 

= (-9.5502 - 0.3627 - 0.0835 + 0.0167) kJ/mol = -9.98 kJ/mol 
2. The easy way. Use tabulated enthalpies from Table B.8. 

H for air at 100°C can be read directly from Table B.9 and H at 430°C can be estimated by linear 
interpolation from the values at 400°C (11.24 kJ/mol) and 500°C (14.37 kJ/mol). 

tf(100°C) = 2.19 kJ/mol 

#(430°C) = [11.24 + 0.30(14.37 - 11.24)} kJ/mol = 12.17 kJ/mol 

I 

AH = (2.19 - 12.17) kJ/mol = -9.98 kJ/mol 
Either way AH is determined, 


Q = AH = h Aft = 


15.0 kmol 

10 3 mol 

-9.98 kJ 

1 min 

1 kW . 

min 

1 kmol 

mol 

60s 

1 kJ/s 


Reminder The enthalpies listed in Tables B.8 and B.9 (and for that matter, the heat capacity 
formulas of Table B.2) apply strictly to heating and cooling at a constant pressure of 1 atm. The 
tabulated enthalpies and heat capacities may also be used for nonisobaric heating and cooling 
of ideal or nearly ideal gases; however, at pressures high enough (or temperatures low enough) 
for the gases to be far from ideal, enthalpy tables or more accurate heat capacity formulas 
should be used. 

1. The heat capacity of a species is 28.5 J/(mol -K). Remembering that the temperature unit in 
the denominator refers to a temperature interval, what is the heat capacity of this species 
in J/(moI°C)? 
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2. The gas constant R is approximately equal to 2 cal/(mol-K). If C p for a vapor is 
7 cal/(mol°C), estimate C v for the vapor. If C p for a liquid is 7 cal/(mol-°C), estimate c„ 
for the liquid. 

3. Use Table B.8 or B.9 to calculate the following quantities: 

(a) The specific enthalpy (kj/mol) of N 2 at 1000°C relative to N 2 at 300°C. 

(b) A#(kJ/mol) for the process C0 2 {g, 800°C, 1 atm) —*■ C0 2 (g, 300°C, 1 atm). 

(c) A//(Btu/h) for 100 lb-mole 0 2 /h being cooled from 500°F and 1.5 atm to 200°F and 
0.75 atm. 

8.3c Estimation of Heat Capacities 

The polynomial expressions for C p in Table B.2 are based on experimental data for the listed 
compounds and provide a basis for accurate calculations of enthalpy changes. Several approx¬ 
imate methods follow for estimating heat capacities in the absence of tabulated formulas. 

Kopp’s rule is a simple empirical method for estimating the heat capacity of a solid or liquid 
at or near 20°C. According to this rule, C p for a molecular compound is the sum of contributions 
(given in Table B.10) for each element in the compound. For example, the heat capacity of solid 
calcium hydroxide, Ca(OH) 2 , would be estimated from Kopp’s rule as 

(C/?)ca(OH) 2 ~ (C’pa)ca + 2(C pa )o + 2(Cpa )h 

= [26 + (2 x 17) + (2 x 9.6)] J/(mol-°C) = 79 J/(mol-°C) 

[The true value is 89.5 J/(mol-°C).] 

More accurate heat capacity estimation formulas for various types of gases and liquids are 
given in Chapter 5 of Reid, Prausnitz, and Poling (see footnote 4), and several correlations are 
presented by Gold and Ogle. 6 

Suppose you wish to calculate the enthalpy change associated with a change in temperature 
undergone by a mixture of substances. Enthalpies and heat capacities of certain mixtures are 
tabulated in standard references. Lacking such data, you may use the following approximation: 

Rule 1. For a mixture of gases or liquids, calculate the total enthalpy change as the sum of the 
enthalpy changes for the pure mixture components. You are in effect neglecting en¬ 
thalpy changes associated with the mixing of the components, which is an excellent 
approximation for mixtures of gases and for mixtures of similar liquids such as pen¬ 
tane and hexane but a poor one for dissimilar liquids such as nitric acid and water. 
Enthalpies of mixing for systems of the latter type are discussed in detail in Section 
8.5. 

Rule 2. For highly dilute solutions of solids or gases in liquids, neglect the enthalpy change of 
the solute. The more dilute the solution, the better this approximation. 

The calculation of enthalpy changes for the heating or cooling of a mixture of known com¬ 
position may often be simplified by calculating a heat capacity for the mixture in the following 
manner: 

(L’p)mix (T) = 2 yi C d f ) (8-3-13) 

all 

mixture 

components 

where 

(C p )mix — heat capacity of the mixture 

yi = mass or mole fraction of the /th component 
C pi = heat capacity of the /th component 


6 P. I. Gold and G. J. Ogle, “Estimating Thermochemical Properties of Liquids, Part 7—Heat Capacity,” Chem. 
Eng., Apr. 7,1969, p. 130. 
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If C P i and (Cp)mix are expressed in molar units, then y,- must be the mole fraction of the ith 
component, and if the heat capacities are expressed in mass units, then >7 must be the mass 
fraction of the ith component. Once (Cp)^ is known. AH for a change in temperature from 
Ti to T 2 may be calculated as 

AH = [ T \c p UAT)dT 183-14) 

Jr, 

Equation 8.3-14 is valid to the extent that enthalpies of mixing may be neglected. 


EXAMPLE 8.3-4 Heat Capacity of a Mixture 

Calculate the heat required to bring 150 moi/h of a stream containing 60% OH* and 40% C:H.$ 
by volume from 0°C to 400°C. Determine a heat capacity for the mixture as part of the problem 
solution. 


SOLUTION 


The polynomial heat capacity formulas for ethane and propane given in Table B.2 are substituted 
into Equation 8.3-13 to yield 

(Cp) mix [kJ/(mol-°C)] = 0.600(0.04937 + 13.92 X lO^T - 5.816 X 10“ 8 r : + 7.280 X l0~ : r> 

+ 0.400(0.06803 + 22.59 X 10" 5 T - 13.11 X lO -8 ! 2 + 31.71 X 10~ :: T ? ) 

= 0.05683 + 17.39 X 1Q~ 3 T - 8.734 X 10~*T Z + 17.05 X 10 _l2 r 
r«rc 

A H = (C p ) mix dT = 34.89 kJ/mol 
Jcrc 

where T is in °C. If potential and kinetic energy changes and shaft work are neglected, the energy 
balance becomes 


Q = AH = h AH 


150 mol 

34.89 kJ 

h 

mol 



As usual, we have assumed that the gases are sufficiently close to ideal for the formulas tor C- at 
1 atm to be valid. ____ 


TEST 

YOURSELF 
(Answers, p. 660) 


1. Estimate the heat capacity of solid calcium carbonate (CaCCh) using Kopp's rule and 
Table B.10. 

2. Two kilograms of liquid n-hexane [C p = 2.5 kJ/(kg-°C)] and 1 kg of liquid cyclohexane 
[C p = 1.8 kJ/(kg-°C)] are mixed and heated from 20°C to 30°C. Use the rule for liquid 
mixtures (Rule 1) given in this section to show that AH * 68 kJ for this process, ''-'"hat is 
AH (kJ/kg mixture)? 

3. A 0.100 wt% aqueous solution of sodium chloride is heated from 25°C to 5(FC Use the 

rule for solutions (Rule 2) given in this section to estimate AH(cal/g) for this process. C ? 
for water is 1 cal/(g-°C). _ _ 

4 . The heat capacity of liquid water is 1 cal/(g-°C). and that of ethanol is 0.>4 eal (g-'C). 
Estimate the heat capacity of a mixture containing 50% ethanol and 50% water by mass. 


8.3d Energy Balances on Single-Phase Systems 

We are now in a position to perform energy balances on any processes that do not involve phase 
changes, mixing steps for which enthalpy changes cannot be neglected, or chemical reactions 
If a process only involves heating or cooling a single species from Ti to T?. the procedure 
is straightforward: 

1. Evaluate A U = C v dT or AH = f^ 2 C P dT. correcting for pressure changes if neces¬ 
sary. 
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2. For a closed system at constant volume, calculate A U = n A 0 (where n is the amount of 
the species being heated or cooled). For a closed system at constant pressure, calculate 
A H = n A H. For an open system, calculate A H = h AH, where h is the species flow rate. 

3. Substitute for A U, AH, or AH in the appropriate energy balance equation to determine 
the required heat transfer, Q, or heat transfer rate, Q (See Example 8.3-2.) 

If more than one species is involved or if there are several input or output streams instead 
of just one of each, the procedure given in Section 8.1 should be followed: choose reference 
states for each species, prepare and fill in a table of amounts and specific internal energies 
(closed system) or species flow rates and specific enthalpies (open system), and substitute the 
calculated values into the energy balance equation. The next example illustrates the procedure 
for a continuous heating process. 


EXAMPLE 8.3-5 Energy Balance on a Gas Preheater 


Equipment /#v A stream containing 10% CH 4 and 90% air by volume is to be heated from 20°C to 300°C. Calculate 

Encyclopedia HUM the required rate of heat input in kilowatts if the flow rate of the gas is 2.00 x 10 3 liters (STP)/min 

heat exchanger ^1^ s ' ’ 

SOLUTION Basis: Given Flow Rate 


Assume ideal gas behavior. 


2000 L ESTPVmin, 20°C 

HEATER 


n(mol/min) 


n(mol/min], 300°C 

0.100 mol CH 4 /mol 

J 

1899 J 

0.100 mol CH 4 /mol 

u.yuu mot air/moi 


0.900 mol air/mol 


£?(kW! 


Recall that specifying the flow rate in liters (STP)/min does not imply that the feed gas is at standard 
temperature and pressure; it is simply an alternative way of giving the molar flow rate. 


h 


2000 L (STP) 

1 mol 

min i 

22.4 L (STP) 


= 89.3 mol/min 


The energy balance with kinetic and potential energy changes and shaft work omitted is Q = AH. 
The task is to evaluate AH = X out - ]£;„ «/#;• Since each species has only one inlet condition 
and one outlet condition in the process, two rows are sufficient for the enthalpy table. 


References: CH 4 (g, 20°C, 1 atm), air(g, 25°C, 1 atm) 


Substance 

^in 

(mol/min) 

(kJ/mol) 

^om 

(mol/min) 

^OUt 

(kJ/mol) 

ch 4 

8.93 

0 

8.93 

Hi 

Air 

80.4 


80.4 

Hi 


The reference condition for methane was chosen so that H- m could be set equal to zero, and that for 
air was chosen so that fi io and H wl could be determined directly from Table B.8. 

The next step is to evaluate all of the unknown specific enthalpies in the table. Hi, for example, is 
the specific enthalpy of methane in the outlet gas mixture at 300°C relative to pure methane at its 
reference temperature of 20°C. In other words, it is the specific enthalpy change for the process 

CHa(g, 20°C, 1 atm) —* CH 4 (g, 300°C, P in outlet mixture ) 

We neglect the effect of pressure on enthalpy (i.e., we assume ideal gas behavior) and we always 
neglect heats of mixing of gases, so that the enthalpy change is calculated for the heating of pure 
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EXAMPLE 8.3-6 


• 

Equipment 

Encyclopedia 

boiler 


methane at 1 atm: 


i-300°C 

Hi = (C„)ch 4 dT 

J 20°C 

^Substitute for C p from Table B.2 
r300“C 

= (0.03431 + 5.469 x 10~ 5 r + 0.3661 x 10 _8 T 2 - 11.0 x 10" l2 7 3 ) dT 

J are 


= 12.09 kJ/mol 


The enthalpies of air at the inlet and outlet conditions relative to air at the reference state (/? 2 and 
/? 3 , respectively) are determined from Table B.8 as 

= -0.15 kJ/mol, /? 3 = 8.17 kJ/mol 

The energy balance now yields 

Q = dtf = ]T " X h & 

out in 

= (8.93 mol/min)( 12.09 kJ/mol) + [(80.4)(8.17) - (8.93)(0) - (80.4)(-0.15)] kJ/min 

I 


776 kJ 

1 min 

lkW 

min 

i 60s 

1 kJ/s 


In the last example the temperatures of all input and output streams were specified, and the 
only unknown in the energy balance equation was the heat transfer rate required to achieve 
the specified conditions. You will also encounter problems in which the heat input is known 
but the temperature of an output stream is not. For these problems, you must evaluate the 
outlet stream component enthalpies in terms of the unknown T, substitute the resulting expres¬ 
sions in the energy balance equation, and solve for T. Example 8.3-6 illustrates this procedure. 


Energy Balance on a Waste Heat Boiler 

A gas stream containing 8.0 mole% CO and 92.0 mole% C0 2 at 500°C is fed to a waste heat boiler, 
a large metal shell containing a bundle of small-diameter tubes. The hot gas flows over the outside 
of the tubes. Liquid water at 25°C is fed to the boiler in a ratio 0.200 mol feedwater/mol hot gas 
and flows inside the tubes. Heat is transferred from the hot gas through the tube walls to the water, 
causing the gas to cool and the water to heat to its boiling point and evaporate to form saturated 
steam at 5.0 bar. The steam may be used for heating or power generation in the plant or as the 
feed to another process unit. The gas leaving the boiler is flared (burned) and discharged to 
the atmosphere. The boiler operates adiabatically—all the heat transferred from the gas goes 
into the water, as opposed to some of it leaking through the outside boiler wall. The flowchart for 
an assumed basis of 1.00 mol feed gas is shown below. 


1.00 mol gas, 50Q°C 



What is the temperature of the exiting gas? 
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SOLUTION 


Since no material balances are required in this problem, we may proceed directly to the energy 
balance, which for this adiabatic unit reduces to 

Atf = X "A “ X n.H, = 0 

out in 

We do not write A H and n ( since a quantity (1 mol feed gas) and not a flow rate has been assumed 
as a basis of calculation. 

( Exercise: What assumptions have been made in writing the energy balance?) 


References: CO(g, 500°C, 1 atm), C0 2 (g, 500°C, 1 atm), H 2 0(1, triple point) 


Substance 

« in 

Hm 

n 0 ut 

Haat 

CO 

0.080 mol 

0 kJ/mol 

0.080 mol 

Hi (kJ/mol) 

co 2 

0.920 mol 

OkJ/mol 

0.920 mol 

Hi (kJ/mol) 

h 2 o 

0.00360 kg 

Hi (kJ/kg) 

0.00360 kg 

A (kJ/kg) 


The solution strategy will be to calculate Hi(T) and H 2 (T) by integrating the heat capacity formulas 
of Table B.2 from the reference temperature (500°C) to the unknown T at the gas outlet, look up 
and Hi in the steam tables, substitute for Hi through A in the energy balance, and solve the resulting 
equation for T using a spreadsheet. 

Note the following points about the enthalpy table. 

• We chose the reference states for CO and C0 2 as the gas inlet temperature and 1 atm. We assume 
ideal gas behavior so that deviations of the pressure from 1 atm have no effect on enthalpies, and 
accordingly set the inlet enthalpies of the gas species equal to zero. 

• We will find the enthalpies of the feedwater and product steam in the steam tables. Knowing this, 
we chose the reference state for the steam tables (liquid water at the triple point) as our reference 
for water, and knowing that the enthalpies in the steam tables are in kJ/kg, we list the quantity of 
water in kg (m = 0.200 mol H 2 0 x 0.0180 kg/mol = 0.00360 kg). 

• We will integrate the heat capacity formulas of Table B.2 for CO and C0 2 even though enthalpies 
for those species are listed in Table B. 8 , since we do not know the temperature at which to look 
them up. 

The specific enthalpies are 
A = f (C„)co dT 

J50Q°C 

= f (0.02895 4- 0.4110 X 10~ 5 F + 0.3548 X HT 8 F 2 - 2.220 X 10“ 12 T 3 ) dT 
Jsoo°c 

A=f (Cp)coj dT 

J500°C 

= [ (0.03611 + 4.223 X 10“ 5 r - 2.887 X 10“ 8 T 2 + 7.464 X 10" 12 r 3 ) dT 

Jsoo°c 

H-s = AT[H 2 0(1,25°C, 5 bar)] ** 105 kJ/kg (Table B.5: neglect effect of pressure on H) 

A 4 = //[H 2 0(v, 5 bar, sat’d)] = 2747.5 kJ/kg (Table B. 6 ) 

Integrating the expressions for A and A and substituting the resulting expressions and the values 
of Hi and A into the energy balance (A// = 0 ) yields the following equation: 

1.672 X 10“ 12 r 4 - 0.8759 x 10" S F 3 + 1.959 x 10“ 5 F 2 + 0.035541 - 12.16 = 0 

The problem is to find the value of T (°C) that satisfies this equation. The calculations can be 
done conveniently using a spreadsheet. Let us first estimate the solution by neglecting all terms 
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of second-order and higher in T: 

0.035541 — 12.16 = 0 => T *= 342°C 

We will use this estimate as the first guess in the spreadsheet solution. In one cell (Cell A1 in this 
illustration) we insert the initial guess for T (342°C), and in the next cell (Bl) we insert the formula 
for the fourth-order polynomial on the left-hand side of the equation to be solved: 

Cell Al: 342 

Cell Bl: = 1.672e-12 * AF4 - 0.8759e-8 * A1'3 + 1.959e-5 * AT 2 + 0.3554 * Al - 12.16 

(In some spreadsheet programs, the exponentiation function would be ** instead of *.) The two cells 
of the spreadsheet would then display the following values: 

A B 

1 | 342 1 *-9585 

Our goal is to find the value in Cell Al that drives the value in Cell Bl to zero. We could per¬ 
form the trial-and-error search manually, but if the spreadsheet program has a goalseek tool (most 
programs do), we would select it and use it to perform the search automatically (Set Cell Bl to 0 
by varying Ceil Al). Either way, at the end of the search the two cells would display values close to 
those shown below: 


1 


299.0654 3.791 E - 06 


The solution is therefore j T = 299°C| . The heat transferred from the specified quantity of gas as it 
coois from 500°C to 299°C goes to convert the specified amount of feedwater into steam. 


8.3e Numerical Integration of Tabulated Heat Capacities 

You have now seen two ways to evaluate an expression of the type 

( Tl 

C P (T) dT 
Jt, 

If a functional relation for C P (T) is available, such as one of the polynomials of Table B.2, the 
integration can be carried out analytically; and if tabulated specific enthalpies are available for 
the substance being heated or cooled, a simple subtraction replaces the integration. 

Suppose, however, that the only information you have about C p is its value at a series of 
temperatures that span the range from T\ to 72- The question is how to estimate the value of 
the integral from these data. 

One way would of course be to plot C p versus T, draw a curve by visual inspection through 
the points at which C p is known, and estimate the integral graphically as the area under the 
curve from T\ to Tj- This is a cumbersome procedure, however, even if you have access to a 
planimeter, a device that can calculate the area under a traced-out curve. 

A better solution is to use one of the many existing quadrature formulas—algebraic ex¬ 
pressions that provide estimates of the integrals of tabulated data. Several such formulas are 
presented and illustrated in Appendix A.3; the use of one of them, Simpson’s rule, is required 
for the integration of heat capacity data in several problems at the end of this chapter. 


8,4 PHASE CHANGE OPERATIONS 

Consider liquid water and water vapor, each at 100°C and 1 atm. Which would you expect to be 
greater, f/uquid or #vapor? (Recall that 0 is related among other things to the energy of motion 
of the individual molecules at the specified condition.) 
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If you said 0 V ap0 r, you would be correct. One way to think of it is that the molecules of 
a vapor, which can move around relatively freely, are much more energetic than the densely 
packed molecules of a liquid at the same T and P. Also think about the fact that liquid molecules 
are held in close proximity to each other by attractive forces between the molecules. The energy 
required to overcome these forces when a liquid is vaporized is reflected in the higher internal 
energy of the vapor molecules. 

Inspection of Table B.5 reveals how dramatic the difference between U \\quid and t/ vapor 
can be. For water at 100°C and 1 atm. Uf = 419 kJ/kg and t/ v = 2507 kJ/kg. The difference in 
specific enthalpy (= 0 + PV) is even greater, owing to the much greater specific volume of the 
vapor: at the same temperature and pressure, He = 419.1 kJ/kg and H v = 2676 kJ/kg. 

Phase changes such as melting and evaporation are usually accompanied by large changes 
in internal energy and enthalpy, as in the example just given. Heat transfer requirements in 
phase-change operations consequently tend to be substantial, since Q A U (closed constant- 
volume system) or Q ** AH (open system). The paragraphs that follow outline procedures for 
setting up and solving energy balances on such operations. The discussion will be limited to 
phase changes between liquid and vapor (evaporation, condensation) and solid and liquid 
(melting, freezing); however, the methods may be extended directly to other phase changes, 
such as sublimation (conversion from solid to vapor) and conversion from one solid phase to 
another. 


8.4a Latent Heats 


The specific enthalpy change associated with the transition of a substance from one phase to 
another at constant temperature and pressure is known as the latent heat of the phase change 
(as distinguished from sensible heat, which is associated with temperature changes for a single¬ 
phase system). For example, the specific enthalpy change AH for the transition of liquid water 
to steam at 100°C and 1 atm, which equals 40.6 kJ/mol, is by definition the latent heat of vapor¬ 
ization (or simply the heat of vaporization) of water at this temperature and pressure. 

Since condensation is the reverse of vaporization and enthalpy is a state property, the heat 
of condensation must be the negative of the heat of vaporization. Thus, the heat of condensation 
of water at 100°C and 1 atm must be -40.6 kJ/mol. Similarly, the heat of solidification is the 
negative of the heat of fusion at the same temperature and pressure. 

Latent heats for the two most commonly encountered phase changes are defined as fol¬ 
lows: 

1. Heat of fusion (or heat of melting). A/? m (7\ P) is the specific enthalpy difference between 
the solid and liquid forms of a species at T and P? 

2. Heat of vaporization. A H V (T,P) is the specific enthalpy difference between the liquid 
and vapor forms of a species at T and P. 

Tabulated values of these two latent heats, such as those in Table B.l and on pp. 2-151 through 
2-160 of Perry’s Chemical Engineers' Handbook, (see footnote 5) usually apply to a substance 
at its normal melting or boiling point—that is, at a pressure of 1 atm. These quantities are 
referred to as standard heats of fusion and vaporization. 

The latent heat of a phase change may vary considerably with the temperature at which 
the change occurs but hardly varies at all with the pressure at the transition point. For example, 
the heat of vaporization of water at 25°C is 2442.5 J/g at P — 23.78 mm Hg and 2442.3 J/g at 
P = 760 mm Hg. 7 8 When using a tabulated latent heat, you must therefore be sure that the phase 


7 We call it tsO m rather than A/? f because the latter symbol is used for the heat of formation, a quantity defined in 
Chapter 9. 

8 In a system containing only pure water at 25“C 1 evaporation can only occur at P = p^(25°C) = 23.78 mm Hg, 
but if the system contains several species evaporation can occur over a range of pressures. 
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change in question takes place at the temperature for which the tabulated value is reported, but 
you may ignore moderate variations in pressure. 



Heat of Vaporization 


At what rate in kilowatts must heat be transferred to a liquid stream of methanol at its normal boiling 
point to generate 1500 g/min of saturated methanol vapor? 


SOLUTION 


From Table B.l, A H v = 35.3 kJ/mol at 7bp = 64.7°C. The energy balance with potential and kinetic 
energy changes neglected is 

<2 = AH = hAHy 

I 


1500 g CH 3 OH 

1 mol 

35.3 kJ 

1 min 

lkW 

min 

32.0 g CH 3 OH 

mol 

60s 

lkJ/s 


Phase changes often occur at temperatures other than the temperature for which the latent 
heat is tabulated. When faced with this situation, you must select a hypothetical process path 
that permits the available data to be used. 

Suppose, for example, that a substance is to be vaporized isothermally at 130°C, but the 
only available value of the heat of vaporization is at 80°C. A process path from the liquid at 
130°C to the vapor at the same temperature must then be chosen that includes an isothermal 
vaporization step at 80°C: specifically, cool the liquid from 130°C to 80°C, vaporize the liquid 
at 80°C, and then heat the vapor back to 130°C. Summing the changes in enthalpy for each of 
these steps yields the change in enthalpy for the given process. (By definition, the calculated 
value is the latent heat of vaporization at 130°C.) 



Vaporization and Heating 


One hundred g-moles per hour of liquid n-hexane at 25°C and 7 bar is vaporized and heated to 300°C 
at constant pressure. Neglecting the effect of pressure on enthalpy, estimate the rate at which heat 
must be supplied. 


SOLUTION An energy balance yields 

Q = \H (W t = A£ p = 0, A£ k * 0) 

Therefore an evaluation of A H will yield the desired value of Q. 

From Figure 6.1-4, the temperature at which the vapor pressure of n-hexane is 7 bar (104 psia) 
is approximately 295°F (146°C), and this is therefore the temperature at which the vaporiza¬ 
tion actually occurs. However, Table B.l lists a value of A H v at the normal boiling point of n- 
hexane, 

A H y = 28.85 kJ/mol at 69°C 

We must therefore find a path that takes hexane from a liquid to a vapor at 69°C, rather than at the 
true vaporization temperature of 146°C. 

As noted previously, the change in enthalpy associated with a process may be determined from 
any convenient path as long as the initial and final points of the chosen path correspond to those of 
the process. The diagram shown on the following page illustrates several possible paths from liquid 
hexane at 25°C to hexane vapor at 300°C. 
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State 1 
«-C 6 H 14 (l) - 
25°C, 7 bar 


State 2 
«-C 6 H w (I> - 
69°C, 1 atm 

B 

State 3 
«-CgH 1 4 (i} - 


State 4 

■ n-C s H 14 (v) — 
25°C, 7 bar 


State 7 
r.-C 6 H u (v) 
300°C, 7 bar 



146°C, 7 bar 


• n-C 6 H u (v) 
146“C, 7 bar 


If we knew Atf v at 146°C, we would follow path ABEH (the true process path) to evaluate the overall 
AH for the process, or if we knew AH y at 25°C, we would follow path CF. which would require only 
two calculations. Since we have AH y at 69°C, we must follow path AD G, which includes vaporization 
at that temperature. 

n-C 6 H M (l, 25° C, 7 bar)^n-C 6 H u (1,69°C, 1 atm) 

«-QH w (v, 69°C, 1 atm) ^«-C 6 Hi 4 (v, 300°C, 7 bar) 

r 69°C 

A H a = V AP + (C p )c s h 14 ( 1 ) dT (from Equation 8.3-10b) 

J25° C 

Table B.l => SG = 0.659 => p = 0.659 kg/L 
Table B.2 => C p = 0.2163 kJ/(mol-°C) 

•1 atm = 1.013 bar 


AH a 


•1L 

(1.013 - 7.0) bar j 

86.17 kg 

0.008314 kJ/(mol-K) 

0.659 kg 1 


1000 mol 

0.08314 L-bar/(mol-K) 


0.2163 kJ 

(69 - 25)°C 

mol-°C 



= (-0.0782 + 9.517) kj/mol = 9.44 kJ/mol 


A H 0 = (A// v )c 6 h 14 {69°C, 1 atm) = 28.85 kJ/kg 

/-300°C 

AH C = (Cp)c 6 H l4 {v) dT (from Equation 8.3-10a) 

JWC 

|| f C,[kJ/(mo! < ’C)j = 0.13744 + 40.85 x 10’ 5 r - 23.92 X 10' 8 T 2 + 57.66 x 10~ ,2 T J 
A/?c = 47.1 kJ/mol 
For the overall process 

Q = AH = n(mol/h)AH(kJ/mol) 

||a/7 = AH a + Aft D + Af} 0 = 85.5 kJ/mol 


Q = • 


100 mol 

85.5 kJ 

1 h 

lkW 

h 

mol 

3600 s 

IkJ/s 


2.38 kW 


Notice that the pressure change term in the first step (V A P = —0.0782 kj/mol) accounts for less 
than 0.1% of the overall process enthalpy change. We will generally neglect the effects of pressure 
changes on A/? unless A P is on the order of 50 atm or more. 


If a phase change takes place in a closed system, you must evaluate A 0 = AH - A(PV) 
for the phase change to substitute into the energy balance equation. For phase changes such as 
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fusion, which involve only liquids and solids, changes in PV are generally negligible compared 
to changes in H, so that 

A U m « AH m (8.4-1) 

For vaporization, PV for the vapor (which equals RT if ideal gas behavior may be assumed) is 
normally orders of magnitude greater than PV for the liquid, so that A (PV) «= RT, and 

Al/ v - A- RT (8.4-2) 


TEST 

YOURSELF 
(Answers, p. 660) 


1. If you are given a value of a heat of vaporization at 100°C and 1 atm, would you be con¬ 
fident about using it to estimate the enthalpy change for a vaporization at 100°C and 
2 atm? What about 200°C and 1 atm? 

2. The enthalpies of a pure liquid and its vapor at 75°C and 1 atm are 100 J/mol and 
1000 J/mol, respectively, both measured relative to the liquid at 0°C. 

(a) What is the enthalpy of the liquid at 0°C? 

(b) What is the heat of vaporization at 75°C? 

(c) Suppose you have heat capacity data for both the liquid and its vapor. What path 
would you follow to calculate the enthalpy change associated with 100 mol of the 
vapor at 400°C being cooled and condensed to form a liquid at 25°C? 

3. The heat of fusion of zinc chloride at 556 K is Atf m = 5500 cai/mol, and the heat of vapor¬ 
ization of this substance at 1000 K is A H v = 28,710 cal/mol. Estimate AZ7 m (556 K) and 
Af/ V (1000 K) for ZnCl 2 - [Say R = 2 cal/(mol-K).] 


8.4b Estimation and Correlation of Latent Heats 


Reid, Prausnitz, and Poling (see footnote 4) review procedures for estimating latent heats of 
vaporization, fusion, and sublimation. Several of the methods given in this reference are sum¬ 
marized below. 

A simple formula for estimating a standard heat of vaporization (A H v at the normal boiling 
point) is Trouton’s rule: 

» 0.088Tb(K) (nonpolar liquids) . 

A// v (kJ/mol) , , . 

* 0.1097b(K) (water, low molecular weight alcohols) 

where T b is the normal boiling point of the liquid. Trouton's rule provides an estimate of A H y ac¬ 
curate to within 30%. Another formula that provides roughly 2% accuracy is Chen’s equation; 

... r b [0.0331(T b /T c ) - 0.0327 + 0.0297 log,„ l\] , SAA , 

AH v (kJ/mol) = - 1.07 - (r b /'r c ) ( * 

where T b and T c are the normal boiling point and critical temperature in kelvin and P £ is the 
critical pressure in atmospheres. 

A formula for approximating a standard heat of fusion is 

* 0.0092T ro (K) (metallic elements) 

Atf m (kJ/mol) = 0.0025r m (K) (inorganic compounds) (8.4-5) 

= Q.0507 m (K) (organic compounds) 

Latent heats of vaporization may be estimated from vapor pressure data by using the 
Clausius-Clapeyron equation, which was discussed in Section 6.1b. 


Provided that A H v is constant over the range of temperatures encompassed by the vapor pres¬ 
sure data, the latent heat of vaporization may be determined from a plot of In p* versus l/T. 
(See Example 6.1-1.) 

In many cases the latent heat of vaporization varies considerably with temperature, invali¬ 
dating Equation 8.4-6. It is then necessary to use the Clapeyron equation, from which Equation 
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8.4-6 was derived. From Equation 6.1-2, 


4(ln f) 
d{\/T) 


A H v 
R 


(8.4-7) 


The heat of vaporization at a temperature T may be estimated from vapor pressure data by 
plotting In p* versus 1 /T, determining [d(\n p*)/d(\/T)] at the temperature of interest as the 
slope of the tangent to the curve, and solving Equation 8.4-7 for A H v . The slope may be deter¬ 
mined graphically or by any of several numerical differentiation techniques outlined in texts 
on numerical analysis. 

A procedure for calculating the latent heat of vaporization at one temperature from a 
known value at any other temperature was presented in Section 8.4a. The technique outlined 
is rigorous but time-consuming, and it requires heat capacity data that might not be available 
for the substance of interest. A useful approximation for estimating AW V at T 2 from a known 
value at T\ is Watson’s correlation: 

(t -T \°‘ 38 

A H v (T 2 ) = A#v(7i)^—(8.4-8) 


where T c is the critical temperature of the substance. 


Estimation of a Heat of Vaporization 


The normal boiling point of methanol is 337.9 K, and the critical temperature of this substance is 
513.2 K. Estimate the heat of vaporization of methanol at 20Q C ’C. 


SOLUTION 


We first use Trouton's rule to estimate Ai/„ at the normal boiling point, and then Watson’s correlation 
to estimate Atf v (473 K) from A// v (337.9 K). 

Trouton’s Rule AH V (337.9 K) = (0.109)(337.9) = 36.8 kJ/mol 

(The measured value is 35.3 kJ/mol. Chen’s equation yields 37.2 kJ/mol, so in this unusual case 
Trouton’s rule provides the better estimate.) 

Watson’s Correlation 


Using the value of A H v estimated by Trouton's rule 
4A(473K)-3&8(A^ 
The measured value is 19.8 kJ/mol. 


513.2 - 473 r 38 

91 H W/mrJ 

1513.2 - 337.9) 

A J..U IVJdliUt 


How would you estimate AH v for a pure hydrocarbon at its normal boiling point under each 
of the following conditions? 

1. You know only the normal boiling point. 

2. You know the normal boiling point and the critical constants. 

3. You have vapor pressure data over a range that encompasses p* = 1 atm, and a semilog 
plot of p* versus 1/ T is a straight line. 

4. Repeat 3, only suppose the plot is curved. 

5. You know A// v at a temperature other than and do not know the heat capacities of 
the substance in its gaseous and liquid forms. 

6. Repeat 5, only suppose that you have the heat capacity data. 

8.4c Energy Balances on Processes Involving Phase Changes 

When writing an energy balance on a process in which a component exists in two phases, you 
must choose a reference state for that component by specifying both a phase and a temperature 


TEST 

YOURSELF 
(Answers, p. 660) 
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and calculate the specific enthalpy of the component in all process streams relative to this state. 
If the substance is a liquid at its reference state and a vapor in a process stream, H may be 
calculated as outlined in Section 8.4a: that is, bring the liquid from the reference temperature 
to a point at which A f) w is known, vaporize the liquid, bring the vapor to the process stream 
temperature, and sum the individual enthalpy changes for the three steps. 


EXAMPLE8.4-4 


Partial Vaporization of a Mixture 


Equipment 

Encyclopedia 

evaporator 



An equimolar liquid mixture of benzene (B) and toluene (T) at 10°C is fed continuously to a vessel 
in which the mixture is heated to 50°C. The liquid product is 40.0 mole% B, and the vapor product 
is 68.4 mole% B. How much heat must be transferred to the mixture per g-mole of feed? 


SOLUTION 


Basis: 1 mol Feed 


1 mol, 10°C 
0.500 mol 8/mol 
0.500 mol T/mol 


EVAPORATOR 


/t v (mol), 50'C, 34.8 mm Hg 
0.684 mol B/mol 
0.316 mol T/mol 


QU) 


« L (mol), 5CPC, 34.8 mm Hg 
0.400 mol B/mol 
0.600 mol T/mol 


We start with a degree-of-freedom analysis: 

3 unknown variables (/iv.hl.Q) 

-2 material balances 
-1 energy balance 
= 0 degrees of freedom 

We could count each specific enthalpy to be determined as an unknown variable, but then we would 
also count the equations for each of them in terms of heat capacities and latent heats, leaving the 
number of degrees of freedom unchanged. 

We next determine n v and n L from material balances, and then Q from an energy balance. 

Total Mass Balance: LOO mol = /i v +«l ] n v = 0.352 mol 

Benzene Balance: 0.500 mol = 0.684« v + 0.400 n L ] „ L = 0.648 mol 

The energy balance for this process has the form Q = A H. An enthalpy table for the process 
appears as follows: 

References: B(l, 10°C. 1 atm), T(l, 10°C, 1 atm) 


Substance 

w tn 

mol 

/Tin 

(kJ/mol) 

flout 

(mol) 

//out 

(kJ/mol) 

B(l) 

0.500 

0 

0.259 

Hi 

T(l) 

0.500 

0 

0.389 

Hi 

B(v) 

— 

— 

0.241 

Hi 

T(v) 

— 

— 

0.111 

H4 


The values of n out were determined from the known mole fractions of benzene and toluene in the 
outlet streams and the calculated values of «v and n\_. We do not know the feed-stream pressure 
and so we assume that A H for the change from 1 atm to P feed is negligible, and since the process 
is not running at an unusually low temperature or high pressure, we neglect the effects of pressure 
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on enthalpy in the calculations of H\ through /? 4 . The heat capacity and latent heat data needed to 
calculate the outlet enthalpies are obtained from Tables B.1 and B.2. 

The formulas and values of the unknown specific enthalpies are given below. Convince yourself 
that the formulas represent A H for the transitions from the reference states to the process states. 

fStf’C 

H\ = (Cp)c 6 H,j(i) dT = 5.332 kJ/mol 
JltPC 

f»°C 

Hz - (Cp)c 7 H 8 (i) dT = 6.340 kJ/mol 

JiO°C 

f S0.1°C ^ J-50°C 

Hj = (Cp)^^!) dT + (A// v )c 6 h ( ,(80,1°C) + (C^qh^v) dT 

Jt0<>c J80.1°C 

- 37.52 kJ/mol 

, 110.62°C r 50°C 

Hi = (Cp)cjHg(i) dT + (A/? v )c 7 h 8 (110.62°C) + (C p )c 7 h 8 (v) dT 

Jio°c Jno.62°c 

= 4293 kJ/mol 


The energy balance is 


Q - AH = ^ ritHi - ^ mHi 


Q = 17.7 kJ 


CREATIVITY EXERCISE 

A gas emerges from a stack at 1200°C. Rather than being released directly to the atmosphere, 
it can be passed through one or several heat exchangers, and the heat it loses can be put to 
use in a variety of ways. Think of as many uses of this heat as you can. ( Example: During the 
winter, pass the gas through a series of radiators, thereby getting free heating.) 

8.4d Psychrometric Charts 

On a psychrometric chart (or humidity chart) several properties of a gas-vapor mixture are 
cross-plotted, providing a concise compilation of a large quantity of physical property data. 
The most common of these charts—that for the air-water system at 1 atm—is used extensively 
in the analysis of humidification, drying, and air-conditioning processes. 

A psychrometric chart in SI units for the air-water system at 1 atm is shown in Figure 8.4-1, 
and a second chart in American engineering units is shown in Figure 8.4-2. Charts that cover 
wider temperature ranges are given on pp. 12-4 through 12-7 of Perry’s Chemical Engineers’ 
Handbook (see footnote 5). 

The following paragraphs define and describe the different properties of humid air at 1 atm 
that appear on the psychrometric chart. Once you know the values of any two of these proper¬ 
ties, you can use the chart to determine the values of the others. We will use the abbreviation 
DA for dry air. 

• Dry-bulb temperature, T —the abscissa of the chart. This is the air temperature as measured 
by a thermometer, thermocouple, or other conventional temperature-measuring instru¬ 
ment. 

• Absolute humidity, h 3 [kg H20(v)/kg DA] (called moisture content on Figure 8 . 4 - 1 )—-the 
ordinate of the chart. 

This ratio can easily be calculated from or converted to the mass fraction of water. If, for 
example, the absolute humidity is 0.0150 kg H 2 0/kg DA, then for every kilogram of dry air 
there is 0.015 kg of water vapor, for a total of 1.015 kg. The mass fraction of water is (0.0150 kg 
H2O)/(1.015 kg humid air) = 0.0148 kg F^O/kg. 
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• 

Equipment 

Encyclopedia 

thermometer 


• Relative humidity , h T = [100 X p^o/ pU i0 (T)\. 

Curyes on the psychrometric chart correspond to specified values of h T (100%, 90% 
80%, etc.). The curve that forms the left boundary of the chart is the 100% relative humidity 
curve, also known as the saturation curve. 

• Dew point, r dp —the temperature at which humid air becomes saturated if it is cooled at 
constant pressure. 

The dew point of humid air at a given point on the psychrometric chart can easily be 
determined. For example, locate the point on Figure 8.4-1 corresponding to air at 29°C and 
20% relative humidity. Cooling this air at constant pressure (= 1 atm) corresponds to moving 
horizontally (at constant absolute humidity) to the saturation curve. T dp is the temperature 
at the intersection, or 4°C. (Verify this statement.) : 

• Humid volume, V H (m 3 /kg DA). 

The humid volume is the volume occupied by 1 kg of dry air plus the water vapor that 
accompanies it. Lines of constant humid volume on the psychrometric chart are steep and 
have negative slopes. On Figure 8.4-1, humid volume lines are shown corresponding to 0.75 
0.80,0.85, and 0.90 m 3 /kg dry air. 

To determine the volume of a given mass of wet air using the psychrometric chart, you 
must first determine the corresponding mass of dry air from the absolute humidity, then mul¬ 
tiply this mass by V H . Suppose, for example, you wish to know the volume occupied by 150 kg 
of humid air at T = 30°C and h r = 30%. From Figure 8.4-1, h a = 0.0080 kg H 2 0(v)/kg DA 
and Vh 5=5 0.87 m 3 /kg DA. The volume may then be calculated as 


150 kg humid air 

1.00 kg DA 

0.87 m 3 


1.008 kg humid air 

kg DA 


(In this calculation, we used the fact that if the absolute humidity is 0.008 kg H 2 0/kg DA. 
then 1 kg DA is accompanied by 0.008 kg water for a total of 1.008 kg humid air.) 

• Wet-bulb temperature, T wb . 

This quantity is best defined in terms of how it is measured. A porous material like cloth 
or cotton is soaked in water and wrapped around the bulb of a thermometer to form a wick , 
and the thermometer is placed in a stream of (lowing air, as in the figure shown below. 9 
Evaporation of water from the wick into the flowing air is accompanied by a transfer of 
heat from the bulb, which in turn causes a drop in the bulb temperature and hence in the 
thermometer reading. 10 Provided that the wick remains moist, the bulb temperature falls to 
a certain value and remains there. The final temperature reading is the wet-bulb temperature 
of the air flowing past the wick. 


Humid 

air 


Thermometer 

Thermometer 
buib wrapped 
with moist wick 



9 Alternatively, the thermometer may be mounted in a sling psychrometer and whirled around in stationary air. 
"Think about what happens when you step out of a shower or swimming pool. Water evaporates, your skin 
temperature drops, and you feel cold, even if you felt perfectly comfortable when you were dry. 
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The wet-bulb temperature of humid air depends on both the dry-bulb temperature and 
the moisture content of the air. If the air is saturated (100% relative humidity), no water 
evaporates from the wick, and the wet-bulb and dry-bulb temperatures are the same. The 
lower the humidity, the greater the difference between the two temperatures. 

The humid air conditions that correspond to a given wet-bulb temperature fall on a 
straight line on the psychrometric chart, called a constant wet-bulb temperature line. The 
constant wet-bulb temperature lines for air-water at 1 atm appear on Figures 8.4-1 and 8.4-2 
as lines with negative slopes extending beyond the saturation curve that are less steep than 
the lines of constant humid volume. The value of T w ^ corresponding to a given line can be 
read at the intersection of the line with the saturation curve. 

For example, suppose you wish to determine the wet-bulb temperature of air at 30°C (dry 
bulb) with a relative humidity of 30%. Locate the point on Figure 8.4-1 at the intersection 
of the vertical line corresponding to T = 30°C and the curve corresponding to h T = 30%. 
The diagonal line through the point is the constant wet-bulb temperature line for air at the 
given condition. Follow that line upward to the left until you reach the saturation curve. The 
temperature value you read on the curve (or vertically down from it on the abscissa) is the 
wet-bulb temperature of the air. You should get a value of 18°C. This means that if you wrap 
a wet wick around a thermometer bulb and blow air with T — 30°C and h x = 30% past the 
bulb, the thermometer reading will drop and eventually stabilize at 18°C. 

• Specific enthalpy of saturated air 

The diagonal scale above the saturation curve on the psychrometric chart shows the 
enthalpy of a unit mass (1 kg or 1 lb m ) of dry air plus the water vapor it contains at saturation. 
The reference states are liquid water at 1 atm and 0°C (32°F) and dry air at 1 atm and 0°C 
(Figure 8.4-1) or 0°F (Figure 8.4-2). To determine the enthalpy from the chart, follow the 
constant wet-bulb temperature line from the saturation curve at the desired temperature to 
the enthalpy scale. 

For example, saturated air at 25°C and 1 atm—which has an absolute humidity h a = 
0.0202 kg HiO/kg DA—has a specific enthalpy of 76.5 kJ/kg DA. (Verify these values of 
both h a and H on Figure 8.4-1.) The enthalpy is the sum of the enthalpy changes for 1.00 kg 
dry air and 0.0202 kg water going from their reference conditions to 25°C. The computation 
shown below uses heat capacity data from Table B.2 for air and data from the steam tables 
(Table B.5) for water. 


A// air = (1.00 kg DA) 


1.00 kg DA(0°C) -*■ 1 kg DA(25°C) 

I 

1 kmol \ 


29.0 kg j 


Cp,air(7’) dT 


(i^i) = 251kJ 


0.0202 kg H 2 0(1,0°C) — 0.0202 kg H 2 Q(v, 25°C) 


I 

Atfwater = (0.0202 kg)[/? H ,,o(v,25°C) - #H 2 O(l,0°C)] j = 51.4 kj 

~ (A// a j r + AH wa ter)(kJ) _ (25.1 + 51.4) kJ _ ^ 

H - 100kgI)A - IMkg&r -76-^ kJ/kg DA 


• Enthalpy deviation 

The remaining curves on the psychrometric chart are almost vertical and convex to the 
left, with labeled values (on Figure 8.4-1) of -0.05, —0.1, -0.2, and so on. (The units of these 
numbers are kJ/kg DA). These curves are used to determine the enthalpy of humid air that is 
not saturated. The procedure is as follows: (a) locate the point on the chart corresponding to 
air at its specified condition; (b) interpolate to estimate the enthalpy deviation at this point; 




8.4 Phase Change Operations 389 


EXAMPLE 8.4-5 


SOLUTION 


(c) follow the constant wet-bulb temperature line to the enthalpy scale above the saturation 
curve, read the value on that scale, and add the enthalpy deviation to it. 

For example, air at 35°C and 10% relative humidity has an enthalpy deviation of about 
-0.52 kJ/kg DA. The specific enthalpy of saturated air at the same wet-bulb temperature is 
45.0 kJ/kg DA. (Verify both of these numbers.) The specific enthalpy of the humid air at the 
given condition is therefore (45.0 - 0.52) kJ/kg DA = 44.5 kJ/kg DA. 

The basis for the construction of the psychrometric chart is the Gibbs phase rule (Section 
6.3a), which states that specifying a certain number of the intensive variables (temperature, 
pressure, specific volume, specific enthalpy, component mass or mole fractions, etc.) of a system 
automatically fixes the value of the remaining intensive variables. Humid air contains one phase 
and two components, 11 so that from Equation 6.2-1 the number of degrees of freedom is 

F = 2 + 2—1=3 

Specifying three intensive variables therefore fixes all other system properties. If the system 
pressure is fixed at 1 atm, then all other properties may be plotted on a two-dimensional plot, 
such as those shown in Figures 8.4-1 and 8.4-2. 


The Psychrometric Chart 

Use the psychrometric chart to estimate (1) the absolute humidity, wet-bulb temperature, humid 
volume, dew point, and specific enthalpy of humid air at 41°C and 10% relative humidity, and 
(2) the amount of water in 150 m 3 of air at these conditions. 


Following is a sketch of the psychrometric chart (Figure 8.4-1) showing the given state of the air: 



1. Reading from the chart, 

K = 0.0048 kg H 2 0/kg DA 
T wb ~ 19°C 

V'(m 3 /kg DA) ** 0.897 (curve not shown) 

The dew point is the temperature at which the air with the given water content would be 
saturated at the same total pressure (1 atm) and is therefore located at the intersection of the 
horizontal constant absolute humidity line (A a * 0.0048) and the saturation curve, or 

! r dp « 3°c 

j _i 


Since the components of dry air do not condense and are present in fixed proportion, dry air may be considered 
a single species (designated DA) in humidity calculations. 
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The specific enthalpy of saturated air at T vb = 19°C is 54.2 kJ/kg DA. Since the point corre¬ 
sponding to 41°C and 10% relative humidity falls roughly midway between the enthalpy devi¬ 
ation curves corresponding to -0.6 kJ/kg and —0.8 kJ/kg, we may calculate H as 


B = (54.2-0.7) kJ/kg DA 

I 

H = 53.5 kJ/kg DA 

2. Moles of humid air. From Figure 8.4-1, the humid volume of the air is 0.897 nvVkg DA. We 
therefore calculate 


150 m 3 

1.00 kg DA 

0.0048 kg H 2 0 


0.897 m 3 

1.00 kg DA 


The psychrometric chart can be used to simplify the solution of material and energy bal¬ 
ance problems for constant-pressure air-water systems, at the expense of some precision. Note 
the following points: 

X. Heating or cooling humid air at temperatures above the dew point corresponds to hor¬ 
izontal movement on the psychrometric chart. The ordinate on the chart is the ratio kg 
HjO/kg dry air, which does not change as long as no condensation occurs. 

2. If superheated humid air is cooled at 1 atm, the system follows a horizontal path to the left 
on the chart until the saturation curve (dew point) is reached; thereafter, the gas phase 
follows the saturation curve. 

3. Since the psychrometric chart plots the mass ratio kg H20/kg dry air rather than the mass 
fraction of water, it is usually convenient to assume a quantity of dry air in a feed or 
product stream as a basis of calculation if the chart is to be used in the solution. 


EXAMPLE 8.4H | Material and Energy Balances on an Air Conditioner , 


9 

Equipment 

Encyclopedia 

heat exchanger 

SOLUTION 


Air at 80°F and 80% relative humidity is cooled to 51°F at a constant pressure of 1 atm. Use the 
psychrometric chart to calculate the fraction of the water that condenses and the rate at which heat 
must be removed to deliver 1000 ft 3 /min of humid air at the final condition. 

Basis: 1 lb m Dry Air 12 

A flowchart for the process is shown below. By convention we show heat transfer ( Q ) into the process 
unit, but since the air is being cooled we know that Q will be negative. 




1 lb m DA, 51°F 


AIR 

m 2 (lb m H 2 0 (v» 

1 lb m DA 

COOLER 

# 2 (Btu/lb m DA) 

m^bro H 2 0 (v» 



80°F, h, = 80% 

--- 

m,(lb H,0(l)>. 51“F 


Hi(Btu/lb m DA) 


^ 3 (Btu/lb m 


Q (Btu) 


Note: In labeling the outlet gas stream, we have implicitly written a balance on dry air. 


13 In assuming this basis, we are temporarily ignoring the specification of the volumetric flow rate at the outlet 
After the process is balanced for the assumed basis, we will scale up to an outlet flow rate of 1000 ft 3 / 1 min. 
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Degree-of-Freedont Analysis 

7 unknowns (mi, m 2 , m 3 , H\, Hi, Hi, Q) 

-1 material balance (H 2 0—dry air is already balanced on the chart) 

-2 absolute humidities from psychrometric chart (for inlet and outlet air) 
-2 enthalpies from psychrometric chart (for inlet and outlet air) 

-1 enthalpy of condensate (from known heat capacity of liquid water) 

-1 energy balance 
= 0 degrees of freedom 


Point l 

80°f] 

Figure 8.4-2 /j a - 0.018 lb m H 2 0/lb n 

,DA 


80% RHj 


H x = 38.8 Btu/lb m DA 



_ 1.0 lb m DA 

I 0.018 lb m H 2 0 _ nni81h _ 

h 2 o 


- 


l lbm DA 


Point 2 

51 0 F : 

| Figure 8.4-2 h s = 0.0079 lb m H 2 0/lb ra DA 


Saturated 

f 

H 2 = 20.9 Btu/lb m DA 



_ 1.0 lb m DA 

0.0079 lb m H 2 0 = n )b 

m H 2 0 


m 2 - 

[ 

lb m DA 


Balance on H 2 O 


Fraction HzO Condensed 


m\ = m2 + m3 

m, = 0.018 ib ra 
,\m 2 = 0.0079 lb m 
m 3 = 0.010 lb m H 2 0 condensed 


0.010 lb m condensed 
0.018 lbm fed 


0.555 j 


Enthalpy of Condensate 

Since the reference condition for water on 

condition to calculate $ 3 . 


Figure 8.4-2 is liquid water at 32°F, we must use the same 


H 2 0(1,32°F) —► H 2 0(1,51°F) 


AH = £3 = 1.0 Tr~~(51 0 F - 32°F) = 19.0 Btu/lb m H 2 0 
lu m * r 


Energy Balance 

The open-system energy balance with W s , A£ k , and A£ p set equal to zero is 
Q = AH = 

out in 


(There are no dots over the extensive variables m this equation because the 

amount not a flow rate.) The enthalpy table for the process is shown below. Since (1) the enthalpies 
(fj.) of ’the humid air streams are obtained from the psychrometric chart m Btu/lb ra dry air and 
(2) the mass units of m, and H, must cancel when the two are multiplied in the energy balance, the 
tabulated values of m, for these streams must be in lb ra dry air. 


References: Dry air (DA) (g, 0°F, 1 atm), H 2 Q (1,32°F, 1 atm) 

Substance 

min ^in 

m ouc 

A*. 

Humid air 
HaO(l) 

1.0 lb m DA 38.8 Btu/lbm DA 

1.0 lb ro DA 

0.010 lb m 

20.9 Btu/lbm DA 

19 Btu/lb m 
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The references were of necessity chosen to be the ones used to generate the psychrometric chart. 
Substituting the values in the table into the energy balance yields 


1.0 lb m DA 

20.9 Btu 0.010 lb m H 2 0(1) 

19 Btu 

1.0 lbm DA 

38.8 Btu 


lbm DA 

1 lb m H,0 

lb m DA 


= -17.7 Btu 


To calculate the cooling requirement for 1000 ft 3 /min of delivered air, we must first determine the 
volume of delivered air corresponding to our assumed basis and scale the calculated value of Q by 
the ratio (1000 ft 3 /min)/ (Vbasis)- From the psychrometric chart, for humid air saturated at 51°F 

V H = 13.0 ft 3 /lb m DA 


1.0 lb m DA 

13.0 ft 3 


lbm DA 


. = 13.0 ft 3 


I 


- 17.7 Btu 

1000 ft 3 /mtn 


13.0 ft 3 


-1360 Btu/min 


TEST Air at 25°C and 1 atm has a relative humidity of 20%. Use the psychrometric chart to estimate 

YOURSELF the absolute humidity, wet-bulb temperature, dew point, humid volume, and specific enthalpy 

(Answers, p. 660) of the air. 


8.4e Adiabatic Cooling 


• 

Equipment 

Encyclopedia 

humidifier, 
dryer, spray 
dryer 


In adiabatic cooling, a warm gas is brought into contact with a cold liquid, causing the gas to 
cool and some of the liquid to evaporate. Heat is transferred from the gas to the liquid but 
no heat is transferred between the gas-liquid system and its surroundings (hence “adiabatic” 
cooling). Some common processes of this type are described below. 

• Spray cooling, spray humidification. Liquid water is sprayed into a relatively dry warm air 
stream. Some of the water evaporates and the temperature of the air and of the unevaporated 
liquid both decrease. If the object is to cool the water or the air, the operation is called spray 
cooling; if the point is to increase the moisture content of the air, the operation is spray 
humidification. 13 

• Spray dehumidification. Warm humid air is dehumidified by spraying cold water into it. Pro¬ 
vided that the liquid temperature is low enough, the air is cooled below its dew point, causing 
some of the water vapor in it to condense. 

• Drying. Hot air is blown over wet solids—for example, over a wet cake deposited in a filter 
or centrifuge. The water evaporates, leaving a dry solid product. Drying is the last step in the 
production of most crystalline products and powders, including many pharmaceuticals and 
food products. 

• Spray drying. A suspension of small solid particles in water is sprayed as a fine mist into a 
stream of hot air. Hie water evaporates, larger solid particles settle out of the air and are 
removed by a conveyor, and fine suspended particles are separated from the air by a bag 
filter or cyclone separator. Dried milk is produced in this manner. 


l3 Spraying the water into the air rather than simply blowing air over a water surface provides a large liquid 
surface-to-volume ratio, greatly increasing the evaporation rate. 
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Writing material and energy balances on an adiabatic cooling operation is a straightfor¬ 
ward but cumbersome procedure. It can be shown, however, that if certain well-justified as¬ 
sumptions are made (we will state them later), air undergoing adiabatic cooling through contact 
with liquid water moves along a constant wet-bulb temperature line on the psychrometric chart 
from its initial condition to the 100% relative humidity curve. Further cooling of the air below 
its saturation temperature leads to condensation and hence dehumidification. 



This result (which is far from obvious) allows us to perform adiabatic cooling calculations with 
relative ease using the psychrometric chart. First locate the initial state of the air on the chart; 
then locate the final state on the constant wet-bulb temperature line that passes through the 
initial state (or on the 100% humidity curve if cooling below the adiabatic saturation temper¬ 
ature takes place); and finally perform whatever material and energy balance calculations are 
required. Example 8.4-7 illustrates such a calculation for an adiabatic humidification operation. 


EXAMPLE 8.4-7 


Adiabatic Humidification 


• 

Equipment 

Encyclopedia 

humidifier—water spray 


A stream of air at 30°C and 10% relative humidity is humidified in an adiabatic spray tower operating 
at P ** 1 atm. The emerging air is to have a relative humidity of 40%. 


Humidified air 
h, = 40% 



1. Determine the absolute humidity and the adiabatic saturation temperature of the entering air. 

2. Use the psychrometric chart to calculate (i) the rate at which water must be added to humidify 
1000 kg/h of the entering air, and (ii) the temperature of the exiting air. 


SOLUTION 


We assume that the heat required to raise the temperature of the liquid in the spray tower is negligi¬ 
ble compared with the heat of vaporization of water, so that the air follows an adiabatic saturation 
curve (constant wet-bulb temperature line) on the psychrometric chart. 
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1 . Air at 30°C, 10% relative humidity 

Jj Figure 8.4-1 

h , a = 0.0026 kg H 2 0/kg DA 
T wb = r„ = 13.2°C 

2. The state of the outlet air must lie on the T wb = 13.2°C line. From the intersection of this 
line with the curve for h r - 40%, the absolute humidity of the exit gas is determined to be 
0.0063 kg H 2 0/kg DA. The inlet (and outlet) flow rate of dry air, m 0A > is 

m DA = (1000 kg air/h)(l kg DA/1.0026 kg air) = 997.4 kg DA/h 

The amount of water that must be evaporated, m H ,o, may be calculated as the difference be¬ 
tween the outlet and inlet water flow rates in the air stream. 

m H , 0 = (997.4 kg DA/h)(0.0063 - 0.0026) 

= 3.7 kg HjO/h 


From Figure 8.4-1 the temperature of the exiting air is :21.2°Cl. 


A complete justification of the procedure given above is beyond the scope of this text , 14 
but we can at least offer a partial explanation. A flowchart of an adiabatic cooling operation 
is shown below. A stream of warm air and either a stream of liquid water (spray cooling or 
spray humidification), a wet solid (drying), or a solid suspension (spray drying) are brought 
into contact. The air enters at T x and leaves at T 3 , the water and any solids enter at T 2 and 
leave at T 4 , and entering liquid water evaporates at a rate m we (kg/s). 


Air, Ti(°C) 

m, (kg dry air/s) 
m w 1 (kg H 2 0 (v)/s) 

H 2 0(l) {+ solids) 

__ 


SPRAY 

TOWER 


Air, r 3 (°C) 

(kg dry air/s) 

(«i wl +m w ) (kg H 2 0 (v)/s) 
H 2 0(I) (+ solids) 
r 4 i«o 


Let us assume: 

1 . (Cp) a ir, (Cp) h 2 o, and (A//v)h,o are independent of temperature at the prevailing process 
conditions. 

2. The enthalpy changes undergone by the unevaporated liquid water and the solid (if there 
is one) in going from T 2 to T 4 are negligible compared to the changes undergone by the 
entering wet air and the evaporated water. 

3. The heat required to raise liquid water from J 2 to 7 3 is negligible compared to the heat 
of vaporization of water. 

If the energy balance equation (A H = 0) is written for this process and these three 
assumptions are made, the simplified equation becomes 

»ta(Cp)air(r 3 ~ T x ) + m wl (C p ) H 2 0(v)(73 “ W + m we (A// v )H 2 0 = 0 


m we 

m a 


1 


(AHv)hjO 


( Cp)a 


r + ( Tl ~ 
m ?L J 


(8.4-9) 


14 One can be found in W. L. McCabe, J. C. Smith, and P. Harriott, Unit Operations of Chemical Engineering, 4th 
Edition, McGraw-Hill, New York, 1985, Chap. 23. 
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Suppose now that the temperature T\ and absolute humidity m w i/m a of the inlet air are 
specified, so that the state of the inlet air is fixed on the psychrometric chart. If we specify in 
addition the outlet air temperature T^(< T\), then m W e / m a may be calculated from Equation 
8 . 4 - 9 , and it may in turn be used to calculate the absolute humidity of the outlet air, (m we + 

"M ... ,, 

The outlet temperature and humidity determined in this manner are represented by a point 

on the psychrometric chart. If a lower value of T 3 is assumed, a higher outlet humidity would 
be calculated, yielding another point on the chart. The set of all such points for a specified T\ 
and m wl /m a defines a curve on the chart, known as the adiabatic saturation curve. If the three 
stated assumptions are valid, the final state of air undergoing an adiabatic humidification must 
lie on the adiabatic saturation curve that passes through the inlet state on the psychrometric chart. 

If the outlet temperature T 3 is low enough, the air leaves saturated with water. "ITie tem¬ 
perature corresponding to this condition is called the adiabatic saturation temperature and is 
found at the intersection of the adiabatic saturation curve with the 100 % relative humidity 
curve. 

The psychrometric chart for most gas-liquid systems would show a family of adiabatic 
saturation curves in addition to the families of curves shown on Figures 8.4-1 and 8.4-2. How¬ 
ever, for the air-water system at 1 atm, the adiabatic saturation curve through a given state co¬ 
incides with the constant wet-bulb temperature line through that state, so that T as = T wb . The 
simple material and energy balance procedure for adiabatic cooling outlined in this section is 
possible only because of this coincidence. 


TEST 

YOURSELF 
(Answers, p. 660) 


1. (a) Under what conditions do the temperature and humidity of a gas undergoing adi¬ 

abatic cooling follow a unique curve on the psychrometric chart, regardless of the 
entering liquid temperature? 

(b) Does this curve coincide with a constant wet-bulb temperature line if the gas is air 
and the liquid is water? 

(c) What if they were nitrogen and acetone? 

2. Air at 26°C with a relative humidity of 10% undergoes an adiabatic humidification. Use 
Figure 8.4-1 to estimate the adiabatic saturation temperature of the air. If the exiting air 
has a dry-bulb temperature of 14°C, determine its absolute humidity, relative humidity, 
and specific enthalpy. 


8.5 MIXING AND SOLUTION 

You may have carried out an experiment in a chemistry laboratory in which you mixed two 
liquids (such as concentrated sulfuric acid and water) or dissolved a solid in a liquid (such as 
sodium hydroxide in water) and observed that the mixture or solution became quite hot. The 
question is, why? 

When two different liquids are mixed or when a gas or solid is dissolved in a liquid, bonds 
are broken between neighboring molecules—and possibly between atoms—of the feed materi¬ 
als, and new bonds are formed between neighboring molecules or ions in the product solution. 
If less energy is required to break the bonds in the feed materials than is released when the 
solution bonds form, a net release of energy results. Unless this energy is transferred from the 
solution to its surroundings as heat, it goes into raising the solution temperature, which is what 
happened in the experiments described in the first paragraph. 

Suppose you mix 1 mol of pure liquid sulfuric acid with water at a specified temperature 
and pressure and then cool the mixture at constant pressure to bring it back to the initial tem¬ 
perature. The energy balance for this constant-pressure process is 

Q = AH = H H2 S 0 4 (aq) - i H H 2 SO A (}) + W H : o) 

where AH —the difference between the enthalpy of the solution at the specified temperature 
and pressure and the total enthalpy of the pure solute and solvent at the same T and P —is the 
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heat of solution at that temperature and pressure. For the sulfuric acid dilution, we know Q < q 
( the container must be cooled to keep the solution temperature from rising) and so it follows 
that A H —the heat of solution—is negative for this process. 

An ideal mixture is one for which the heat of mixing or solution is negligible and so 
^mixture 5=8 21 n i^i> where n, is the amount of mixture component i and //, is the specific en¬ 
thalpy of the pure component at the temperature and pressure of the mixture. Up to now in 
this text, we have assumed ideal mixture behavior for all mixtures and solutions. This assump¬ 
tion works well for nearly all gas mixtures and for liquid mixtures of similar compounds (such 
as mixtures of paraffins or of aromatics), but for other mixtures and solutions—such as aqueous 
solutions of strong acids or bases or certain gases (such as hydrogen chloride) or solids (such as 
sodium hydroxide)—heats of solution should be included in energy balance calculations. This 
section outlines the required procedures. 


8,5a Heats of Solution and Mixing 

The heat of solution Atf s (7» is defined as the change in enthalpy for a process in which 1 mole 
of a solute (gas or solid) is dissolved in r moles of a liquid solvent at a constant temperature T. 
As r becomes large, A H s approaches a limiting value known as the heat of solution at infinite 
dilution. The heat of mixing has the same meaning as the heat of solution when the process 
involves mixing two fluids rather than dissolving a gas or solid in a liquid. 

Perry’s Chemical Engineers’ Handbook (see footnote 5) on pp. 2-201 through 2-204 gives 
heats of solution of various substances in water at either 18°C or “room temperature,” which is 
roughly 25°C. Caution: The values given in the Handbook are negatives of the heats of solution 
(-A H s ), although they are not identified as such explicitly. 

As an illustration of how to use these data, suppose you wish to calculate A H for a process 
in which 2 mol of potassium cyanide (KCN) is dissolved in 400 mol of water at 18°C. First, 
calculate the moles of solvent per mole of solute: 

r = 400/2 = 200 mol H 2 0/mol KCN 


The value of - A H % (18°C, r = 200) is listed as -3.0 keal/mol (meaning per mol of KCN dis¬ 
solved). The total enthalpy change is therefore 


A H = n AH S = 


2.0 mol KCN 3.0kcal 


= +6.0 kcal 


Table B.ll lists values of the heats of solution at 25°C of HCl(g) and NaOH(s) in water, and 
the heat of mixing at 25°C of H 2 S0 4 (1) and water. Heats of solution such as those given in Table 
B.ll may be used to determine directly the specific enthalpies of solutions at 25°C relative to the 
pure solute and solvent at this temperature. Another common choice of reference conditions, 
however, is the pure solvent and an infinitely dilute solution at 25°C. 

Consider, for example, a hydrochloric acid solution for which r = 10 moles H 2 0/mole 
HC1. From Table B.ll, the specific enthalpy of this solution relative to pure HCi(g) and H 2 0(1) 
at 25°C is A H $ (r = 10) = -69.49 kJ/mol HC1. Now, the enthalpy of the solution relative to 
H 2 0(1) and a highly dilute solution of HC1 (say, r = 10 6 moles H 2 0/mole HC1) is the enthalpy 
change for the isothermal process 

| lmolHCll^cf ImolHCl 
[lO 6 mol H 2 Oj 110 mol H 2 0 

We may evaluate this enthalpy change using any convenient reference state—in particular, 
taking pure HCl(g) and H 2 0(1) at 25°C as references. In view of the latter choice, H for the 
(10 6 —10) moles of pure water equals zero, and the enthalpy change for the process is therefore 

A.H = Ai?,(r = 10) - A H s (r = =») 

= (-69.49 + 75.14) kJ/mol HC1 = 5.65 kJ/mol HC1 


I + (10 6 - 10) mol H 2 0(1) 
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In general, the enthalpy of a solution containing r moles H 2 0/mole solute is for reference states 
of pure solute and solvent at 25°C and 1 atm 


H = A// S (r) 


( 8 . 5 - 1 ) 


and for reference states of pure solvent and an infinitely dilute solution at 25°C and 1 atm 


H = ^H s (r) - A« s (*0 


( 8 . 5 - 2 ) 


Note again that these enthalpies are expressed per mole of solute, not per mole of solution. 


TEST 

YOURSELF 
(Answers, p. 660) 


The heat of solution of a solute A in water at 25°C is -40 kj/mol A for r = 10 mol H 2 0/mol A 
and -60 kJ/mol A for infinite dilution. 

1. What is the specific enthalpy (kJ/mol A) of an aqueous solution of A for which r = 10 
mol H 2 0/mol A relative to 

(a) pure H 2 0 and A at 25°C? 

(b) pure H 2 0 and an infinitely dilute aqueous solution of A? 

2. If 5 mol of A is dissolved in 50 mol of H 2 0 at 25°C, how much heat is evolved or absorbed? 
(State which, observing that Q = AH for this process.) 

3. How much heat is evolved or absorbed if the solution prepared in question 2 is poured 
into a large tank of water at 25°C? 


8.5b Balances on Dissolution and Mixing Processes 

When setting up an energy balance on a process that involves forming, concentrating, or dilut¬ 
ing a solution for which the heat of solution or mixing cannot be neglected, prepare an inlet- 
outlet enthalpy table considering the solution as a single substance and the pure components at 
25°C as reference states. To calculate the enthalpy of the solution at a temperature T ^ 25°C, 
first calculate its enthalpy at 25°C from tabulated heat of solution data, then add the enthalpy 
change for the heating or cooling of the solution from 25°C to T. The enthalpy change for the 
latter step should be calculated from tabulated solution heat capacities if they are available 
[e.g., if they are listed on pp. 2-184 and 2-185 of Perry's Chemical Engineers’ Handbook (see 
footnote 5)]; otherwise, use the average heat capacity determined using Equation 8.3-13 for 
liquid mixtures or the heat capacity of the pure solvent for dilute solutions. 


EXAMPLE SSS-M 

-. :!— 


Production of Hydrochloric Acid 


Equipment 

Encyclopedia 

absorber 



Hydrochloric acid is produced by absorbing gaseous HCI (hydrogen chloride) in water. Calculate 
the heat that must be transferred to or from an absorption unit if HCl(g) at 1Q0°C and H 2 0(1) at 
25°C are fed to produce 1000 kg/h of 20.0 wt% HCl(aq) at 40°C. 


SOLUTION 


It is advisable to determine the molar amounts or flow rates of the components of all feed and 
product solutions before drawing and labeling the flowchart. In this case 

1000 kg/h of 20.0 wt% HCl(aq) 

I 


. = 5480 mol HCl/h 


1000 kg 

0.200 kg HCI 

IQ 3 mol 

h 

kg 

36.5 kg HCI 


1000 kg 

0.800 kg H 2 0 

10 3 mol 

h 

k g 

18.0 kg H 2 0 


. = 44,400 mol H 2 0/h 
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5480 mol HCl(g)/h 
1QQ°C 

44,400 mol H£Wh 
25*C " 

Q(kJ/h) 


ABSORBER 


1000 kg/h, 20 wt% HCI(aq), 40°C 

5480 mol HCI/h 
44,400 mol H 2 0/h 


The enthalpy table for the process is shown below. As usual, physical property data valid at P = l 
atm are used and the effects on enthalpy of any pressure differences that may occur in the process 
are neglected. Note that the value of h for the product solution is the molar flow rate of the solute 
(HCl) rather than the solution, since the enthalpy will be determined in kJ/mol solute. 

References: HCl(g), H 2 0(1) at 25°C and 1 atm 


Substance 

H m 


HCl(g) 

H 2 0(1) 

HCl(aq) 

5480 mol HCl H\ (kJ/mol HCl) 
44,400 mol H 2 0 0 

5480 mol HCl # 2 (kJ/mol HCl) 


Calculate H, and H 2 HCl(g, 25°C) — HCl(g, 100°C) 

/•too-c 

fix = iff = C p dT 

J2S*C 

j|c„ for HCl(g) from Table B.2 
Hx = 2.178 kJ/mol 


For the product solution, 

r = (44,400 mol H 2 0)/'(5480 mol HCl) = 8.10 

HCl(g, 25°C) + 8.10 H 2 0(1,25°C)^HCl(aq, 25°C) ^ HCl(aq, 40°C) 

Table B.ll 

A# a = Atf s (25°C, r = 8.1) ."7 > -67.4 kJ/mol HCl 

The heat capacities of aqueous hydrochloric acid solutions are listed on p. 2-184 of Perry’s Chemical 
Engineers’ Handbook (see footnote 5) as a function of the mole fraction of HCl in the solution, 
which in our problem is 

5480 mol HCl/h 


(5480 + 44,400) mol/h 

Jl 


= 0.110 mol HCl/mol 


C B = - 


0.73 kcal 

1000 kg solution 

4.184 kJ 

kg-°C 

5480 mol HCl 

kcal 


- = 0.557 


kJ 


mol HC1°C 


A H b = 


C D dT = 8.36 kJ/mol HCl 


Hi = A/? a + AH h = (-67.4 + 8.36) kJ/mol HCl = -59.0 kJ/mol HCl 
Energy Balance 

Q = AH = mH, - ^ hiH, 

out in 

= (5480 mol HCl/h)(-59.0 kJ/mol HCl) - (5480 mol HCl/h)(2.178 kJ/mol HCl) 
= -3.35 x 10 5 kJ/h I 
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Heat must be transferred out of the absorber at a rate of 335,000 kJ/h to keep the product temper¬ 
ature from rising above 40“C. 


8.5c Enthalpy-Concentration Charts—Single Liquid Phase 

Energy balance calculations on liquid-phase systems involving mixtures can be cumbersome 
when heats of mixing are significant. The calculations can be simplified for binary (two- 
component) systems by using an enthalpy-concentration chart, a plot of specific enthalpy 
versus mole fraction (or mole percent) or mass fraction (or weight percent) of one component. 
An H-x chart for aqueous solutions of sulfuric acid at several temperatures is shown in Figure 
8.5-1. The reference conditions for the plotted enthalpies are pure liquid H 2 S0 4 at 77°F and 
liquid water at 32°F. 

The points on the isotherms of Figure 8.5-1 were determined using the procedure outlined 
in the last section. Suppose, for example, you wish to calculate the specific enthalpy (Btu/lb m ) 
of a 40 wt% suifuric acid solution at 120°F. If you know the heat of mixing of sulfuric acid at 
77°F, the process path you would follow would be to bring pure liquid water from its reference 
temperature of 32°F to 77°F (the sulfuric acid starts at 77°F and so does not require this step), 
mix the two liquids at 77°F, bring the product solution to 120°F, and calculate and add the 
enthalpy changes for each of these steps. 



Mass fraction of H 2 S0 4 


Figure 8.5-1 Enthalpy-concentration chart for H 2 S0 4 -H 2 0. 
(Redrawn from the data of W. D. Ross, Chem. Eng. Progr., 
43:314,1952.) 
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Basis: 1 lb m solution (=> 0.40 lb m H 2 SO 4 = 4.08 x 10 3 lb-mole, 0.60 lb ra H 2 O = 3.33 x 
10~ 2 lb-mole) 


• 0.60 lb m H 2 0(1,32°F) —* 0.60 lb m H 2 Q (1, 77°F) 


Atf^Btu) = (0.60 lb m H 2 0) 


77° F 


(Cp) H 2 o dT 



The heat capacity of liquid water is approximately 1 Btu/(lb m -°F). 

• 0.40 lb m H 2 S0 4 (77°F) + 0.60 lb m H 2 0 (77°F) — 1.0 lb m H 2 S0 4 solution (aq, 77°F) 


AW 2 (Btu) - (0.40 lb m H 2 S0 4 ) AH % (77°F, r 8.2 lb mo , e )( lbm h 2 S0 4 ) 


The heat of mixing can be determined from the data in Table B.ll to be —279 Btu/lb m H 2 S0 4 . 
• 1.0 lb ra H 2 S0 4 solution (aq, 77°F) —* 1.0 lb m H 2 S0 4 solution (aq, 120°F) 

r 120°F 

A// 3 (Btu) = (1.0 lbm) (Cp) 40 % H 2 S0 4 (aq) dT 
J77°F 

The heat capacity of the 40% sulfuric acid solution is roughly 0.67 Btu/(lb m -°F ). 15 


• 7/(40% H 2 S0 4 ,120°F) 


(ABi + AH 2 + A// 3 )(Btu) 
1.0 lb m solution 


-56Btu/lb m 


(Verify that this is the value shown in Figure 8.5-1.) 

If any reference temperature but 77°F had been chosen for sulfuric acid, another step would 
have been included in which H 2 S0 4 was brought from T re f to 77°F prior to mixing. 

Once someone has gone to the trouble of preparing an enthalpy-concentration chart like 
that of Figure 8.5-1, energy balance calculations become relatively simple, as shown in Example 
8.5-2. 


EXAMPLE8.5~^ 


Concentration of an Aqueous HfSOi Solution 


9 

Equipment 

Encyclopedia 

evaporator 


A 5.0 wt% H 2 S0 4 solution at 60°F is to be concentrated to 40.0 wt% by evaporation of water. The 
concentrated solution and water vapor emerge from the evaporator at 180°F and 1 atm. Calculate the 
rate at which heat must be transferred to the evaporator to process 1000 lb m /h of the feed solution. 

Basis: Given Feed Rate of 5% Solution 


1000 lb m /h @ 60°F 

______ 

0.95 lb ra H 2 0/ib m 
ff^Btu/lbJ 


mjtlbm H 2 0(v)/h] ® 180°F, 1 atm 


EVAPORATOR 



H v (Btu/1b m ) 

—*-<?(Btu/h) 


rnzdbm/h) @ 180°F, 1 atm 


0.400 lb m H 2 S0 4 /lb m 
0.600 lb m H 2 0/lb m 
tf t (Btu/ib m ) 


H 2 SO* Balance (0.050)(1000) ib m /h = 0.400/m => m = 125 lb m /h 

mi - 125 lb m /h 

Total Mass Balance 1000 lb m /h = rhi + m 2 ^ nil - 875 lb ra /h 


15 R. H. Perry and D. W. Green, Eds., Perry’s Chemical Engineers’ Handbook, 7th Edition, McGraw-Hill, New 
York, 1997, p. 2-184. 
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Reference States for Energy Balance H 2 0(1,32°F), H 2 S0 4 (1,77°F) 

From Figure 8.5-1: 

H f = 10 Btu/lb m (5% H 2 S0 4 at 60°F) 

H l = -17 Btu/lb m (40% H 2 S0 4 at 180°F) 

The enthalpy of water vapor at 180°F and 1 atm relative to liquid water at 32°F may be obtained 
from the steam tables in Perry’s Chemical Engineers’ Handbook (see footnote 5) as 

= 1138 Btu/lb m 

Energy Balance Q - A H = m\Hy + m 2 /? £ - (10001b m / h)H F 

= [(875)(113S) + (125)(—17) - (1000)(10)] Btu/h 

= | 984,000 Btu/h | 

Compare the ease of this computation with that of Example 8.5-1. Having the enthalpy- 
concentration chart eliminates the need for all of the hypothetical heating, cooling, and isother¬ 
mal mixing steps that would normally be required to evaluate the total enthalpy change for the 
process. 


Adiabatic mixing processes are particularly simple to analyze when an H-x chart is avail¬ 
able. Suppose xa is the mass fraction of A in a mixture of two species. A and B, and that a mass 
mi of Solution 1 (x A i, # 1 ) 1S mixed adiabaticallv with a mass m 2 of Solution 2 (xa 2 ,H 2 ). We will 
show that the condition of the product mixture, (jc a3 , Hf), is on a straight line on the H-x chart 
between the points corresponding to the feed stream conditions. 



m 1*A1 + m 2 x A2 

m\ + m 2 


To prove this result, we write a total mass balance, a material balance on species A, and 
an energy balance (A H = 0 for this constant-pressure batch process): 

Total Mass Balance: + m 2 = m 3 (a) 


A Balance: 


Energy Balance: 


miXAl + m 2 XA2 = «3*A3 

J[Substitute for m 3 from (a), rearrange 
™l(*A3 ~ *Al) = m 2 (x A2 ~ *A3) 

A// = m 3 // 3 — m\H\ — m 2 H 2 = 0 

I Substitute for wj from (a), rearrange 


I s 


m\{Hj ' H\) = m 2 {H 2 — Hf) 
Dividing (d) by (c) yields 

- H x _ fi 2 - H 3 


X A 3 ~ x Al 


X A2 ~ X A3 


(b) 

(C) 

id) 

(e) 


Since the slope of the line segment from (x A1 , /?i) to (x A3 , Hf (the left-hand side of this equa¬ 
tion) equals the slope of the segment from (* A3 , Hf) to (x A2 , Hf) (the right-hand side) and the 
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segments have a point in common, the three points must lie on a straight line. The value of 
can be calculated from Equations a and b: 


*A3 = 


m \X A1 + W2*A2 
m l + m 2 


( 8 . 5 - 3 ) 


It follows that if two feed solutions of known masses and compositions (m,, i = 1, 2) are 
mixed adiabatically and you have an H-x chart, you may (i) calculate *3 for the product mixture 
from Equation 8.5-3, (ii) draw a line connecting the points on the chart corresponding to the 
two feeds, and (iii) read the enthalpy and temperature of the product mixture from the point 
on the connecting line for which x = x 3 . 



Adiabatic Mixing 


Pure water at 60°F is mixed with 100 g of an aqueous 80 wt% H 2 S0 4 solution, also at 60°F. The 
mixing vessel is insulated well enough to be considered adiabatic. 

1. If 250 g HjO is mixed with the acid, what will the final solution temperature be? 

2. What is the maximum attainable solution temperature and how much water must be added to 
achieve it? 


SOLUTION 


1. From Equation 8.5-3, the mass fraction of H 2 SO 4 in the product solution is 


x P — 


[(100)(0.80) + (250)(0)] g H 2 S0 4 
(100 + 250)g 


= 0.23g HjSOt/g 


A straight line on Figure 8.5-1 bet ween points at (x - 0, T = 60°F) and (x = 0.80, T = 60°F) 
goes through the point (x - 0.23, |T ** 100 o F[ ). (Verify this result.) 

2. The line between (x = 0, T - 6 0°F) and (x — 0.80, T = 60° F) passes through a temperature 
maximum at roughly (x ~ 0.58, (r «= 150 °f| ). (Verify.) From Equation 8.5-3, 

0.58 = ( 10Q )(°-80)g + (^)( 0 ) 


The graphical construction of these solutions is illustrated below. 


m w = 38 g H 2 0 



TEST 

YOURSELF 
(Answers, p. 660) 


Use Figure 8.5-1 to answer the following questions. 

1. What is the specific enthalpy of 80 wt% H 2 S0 4 (aq, 110°F) relative to pure H 2 S0 4 at 77°F 
and pure water at 32°F? 

2. The 100 wt% intercepts of the isotherms on Figure 8.5-1 are difficult to read. Which 
isotherm must have an intercept of 0 Btu/lb m ? (Your answer should be a temperature.) 
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3. Pure water at 32°F is used to dilute a 90 wt% H 2 S0 4 solution (aq, 32°F). Estimate the 
maximum temperature the product solution can achieve and the concentration of sulfuric 
acid (wt%) in this solution, 

4. Estimate (a) the specific enthalpy of a 30 wt% H 2 S0 4 solution (aq, 77°F) and (b) the spe¬ 
cific enthalpy of a 30 wt% solution obtained by mixing pure water at 77°F and pure sulfuric 
acid at 77°F adiabatically. What is the physical significance of the difference between these 
two enthalpies? 

8.5d Using Enthalpy-Concentration Charts for Vapor-Liquid Equilibrium Calculations 

Enthalpy-concentration charts are particularly useful for two-component systems in which va¬ 
por and liquid phases are in equilibrium. The Gibbs phase rule (Equation 6.2-1) specifies that 
such a system has (2 + 2-2) -2 degrees of freedom. If as before we fix the system pressure, 
then specifying only one more intensive variable—the system temperature, or the mass or mole 
fraction of either component in either phase—fixes the values of all other intensive variables in 
both phases. An H-x diagram for the ammonia-water system at 1 atm is shown in Figure 8.5-2. 



x (mass fraction NH 3 ) 

Figure 8.5-2 Enthalpy-concentration diagram 
for the ammonia-water system at 1 atm. (From 
G. G. Brown et al., Unit Operations, ©1950, Fig¬ 
ure 551. Reprinted by permission of John Wiley 
& Sons.) 


The specific enthalpies of aqueous solutions and gaseous mixtures of ammonia and water are 
shown on the two curves on this figure. 

Suppose the mass fraction of ammonia in a liquid solution of NH 3 and H 2 0 at 1 atm is 
specified to be 0.25. According to the phase rule, the system temperature and the mass fraction 
of NH 3 in the vapor phase are uniquely determined by these specifications. (Verify.) A tie line 
may therefore be drawn on the enthalpy-concentration chart from x = 0.25 on the Liquid- 
phase curve to the corresponding point on the vapor-phase curve, which is at y = 0.95; and the 
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tie line may be labeled with the corresponding temperature, 100T, Several tie lines constructed 
in this manner are shown in Figure 8.5-2; once drawn, the lines may be used to determine the 
equilibrium composition and the specific enthalpy of each phase at a specified temperature. 

EXAMPLE 8.5-4', Use of the Enthalpy-Concentration Chart for a Two-Phase System 

An aqueous ammonia solution is in equilibrium with a vapor phase in a closed system at 160°F and 
1 atm. The liquid phase accounts for 95% of the total mass of the system contents. Use Figure 8.5-2 
to determine the weight percent of NH 3 in each phase and the enthalpy of the system per unit mass 
of the system contents. 

SOLUTION The mass fractions of ammonia and specific enthalpies of each phase may be read from the intersec¬ 

tions of the 160°F tie line with the vapor and liquid equilibrium curves on Figure 8.5-2. 

Liquid Phase 8% NH 3 , 92% H 2 0 |; H L = 110Btu/lb m 

Vapor Phase j 64% NH 3 , 36% H 2 0 j; H v = 855 Btu/lb m 


Basis 1 lb ra total mass => 0.95 lb m liquid, 0.05 lb m vapor 



If the overall composition of a two-phase two-component system at a given temperature 
and pressure is known, the fraction of the system that is liquid or vapor may easily be deter¬ 
mined from the enthalpy-concentration chart. 

Suppose, for example, that a mixture of ammonia and water that is 40% NH 3 by mass is 
contained in a closed vessel at WOT and 1 atm. Point A on Figure 8.5-2 corresponds to this 
condition. Since this point lies between the vapor and liquid equilibrium curves, the mixture 
separates into two phases whose compositions are found at the extremities of the WOT tie line 
(points B and C). 

In general, if F, L, and V are the total mass of the mixture, the mass of the liquid phase 
and the mass of the vapor phase, respectively, and xf, xi, and xy are the corresponding mass 
fractions of NH 3 , then 

Total balance: F = L + V (8.5-4) 

NH 3 balance: xfF = xiL + xvV (8.5-5) 

Substituting the expression of Equation 8.5-4 for F into Equation 8.5-5 and rearranging the 
result yields 

L _ xy - xf 

V xf - XL 

The tie line in question appears as shown below: 



(825-6) 
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EXAMPLE 8.5-5 


SOLUTION 


From the properties of similar triangles, the right side of Equation 8.5-6 equals the ratio of 
distances AC/ AB. We have thus proved the following general rule: if A, B , and C are the 
points on a tie line corresponding to the total mixture, the liquid phase, and the vapor phase, 
respectively, and if F, L, and V are the corresponding masses, then the liquid-to-vapor mass 
ratio is 

L = XV ~.^L = E (8.5-7) 

V x F -x L AB 

This is the lever rule. It is also not difficult to prove that the mass fractions of the liquid and 
vapor phases are 


L 

XV - Xf 

_ AC 

(8.5-8) 

F 

XV - XL 

- BC 

V 

x F ~ xl 

_ 

(8.5-9) 

F 

XV - XL 

~ BC 


Once you have located the total mixture on the chart from a specified set of feed conditions, it 
becomes a simple matter to determine the compositions, enthalpies, and relative proportions 
of each phase, calculations that would take much more time in the absence of the chart. 


Equilibrium Flash Vaporization 

A 30 wt% NH 3 solution at 100 psia is fed at a rate of 100 lb m /h to a tank in which the pressure is 
1 atm. The enthalpy of the feed solution relative to the reference conditions used to construct Figure 
8.5-2 is 100 Btu/lb m . The vapor composition is to be 89 wt% NIT. Determine the temperature of the 
stream leaving the tank, the mass fraction of NH 3 in the liquid product, the flow rates of the liquid 
and vapor product streams, and the rate at which heat must be transferred to the vaporizer. 

Basis: 100 lb m /h Feed 


100 Ityh 

0.3 lb m NH 3 /lb m 
H f = 100 Btu/lbm 



Wytlbm/h) 

0.89 lbm NH 3 /lb w 
0.11 lb m H 2 0/lb m 
HytBtu/lbm) 

—«-Q(Btu/h) 


mtObJh) 

* L (lb ffl NHj/lb m ) 

(1 -x t )(lb m H 2 0/lb m ) 
H t (BtU/lbm> 


From Figure 8.5-2, 


xy = 0.89 lb m NHj/lbm 
T = 120°F j 

x c = 0.185 lb m NH 3 /lb m 

ftv = 728 Btu/lbm 
/?L = 45 Btu/lb m 
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From Equation 8.5-8 
m L 


100 lb m /h - x L 

m L = (1001b ra /h) 


Energy Balance 


0.89 - 0.30 
' 0.89 -0.185 

m v = (100 - 84) lb m /h = 


84 lb m /h liquid product 


16 lb m /h vapor product 


Q = AH = m v H v + m,H L - 100 fi F 

= [(16)(728) + (84)(45) - (100)(100)] Btu/h = 


5400 Btu/h 


TEST 

YOURSELF 
(Answers, p. 660) 


Use Figure 8.5-2 for the following calculations. 

1. Estimate (a) the temperature at which the mass fraction of NH 3 in the vapor phase of a 
two-phase system equals 0.85, and (b) the corresponding liquid-phase NH 3 mass fraction. 

2. What is the heat of vaporization of NH 3 at its normal boiling point? 

3. If an NH 3 -H 2 O mixture whose overall composition is 50% NH 3 -50% H 2 0 is in equilib¬ 
rium at 120°F, what fraction of the mixture is a vapor? 


8.6 SUMMARY 


An integral energy balance (the first law of thermodynamics) for a closed constant-volume sys¬ 
tem with no kinetic or potential energy changes (A£ k = 0, A£ p = 0) and no energy transferred 
in or out as work (W —- 0) is 

Q = At/ = X rntJi 

final initial 

For a closed system expanding or contracting against a constant external pressure, the balance 
is 

Q = AH = X ~ X n & 

final initial 

For an open system at steady state with negligible kinetic and potential energy changes from 

inlet to outlet and no energy transfer as shaft work, the balance is 

Q = AH = X 

outlet inlet 

In these equations n is the amount (mass or moles) of a species in one of its initial or final 
states in the process, h is the flow rate (mass or molar) of a species in a continuous stream 
entering or leaving the process, and U and H are respectively the specific internal energy and 
specific enthalpy of a species in a process state relative to a specified reference state for the 
same species. 

This chapter presents formulas and methods for evaluating U and H (and hence A U, AH, 
and AH) when tables of internal energies and enthalpies are not readily available. Here is the 
general procedure: 

1. Choose a reference state (phase, temperature, and pressure) for each species involved in 
a process. 

2. Choose a path from the reference state to each initial and final (or inlet and outlet) process 
state for each species, and evaluate U, (or H,) as At) (or AH) for the transition from the 
reference state to the process state. 
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3. Once all of the (7, (or all H,) values are determined in this manner and all of the «, (or 
all hi) values are determined from material balances, densities or equations of state, and 
phase equilibrium relations, calculate AW, AW, or AW and substitute the result in the en¬ 
ergy balance to determine whichever variable is unknown (usually the heat. Q. or heat 
transfer rate, Q). 

Following are points regarding the implementation of this procedure for various types of 
processes. 

• Energy balance calculations for a system (a process unit or combination of units) are conve¬ 
niently organized through the construction of an inlet-outlet internal energy table (or enthalpy 
table). The table lists n (or h) and U (oxH) for each species at each state (phase, temperature, 
pressure) in which the species is found in process streams. Once all of these variable values 
have been determined and inserted in the table, the subsequent evaluation of A U. 1H. or 
A H is straightforward. 

• The fact that internal energy and enthalpy are state properties means that any convenient 
process path from a reference state to a process state may be chosen, even if the actual pro¬ 
cess proceeds by a different path. As a rule, you would choose a path that allows you to 
make use of heat capacities, phase transition temperatures, and latent heats tabulated in an 
available reference (like this text). 

• Changes in pressure at constant temperature. For a species undergoing an isothermal pressure 
change, A P, 

A# * 0 for solids, liquids, and nearly ideal gases. For ideal gases, A# = 0. 

AW = VAP for solids and liquids, where V is the (presumably constant) specific volume of 
the solid or liquid. 

AW ~ 0 for nearly ideal gases or for moderately small pressure changes (on the order of a 
few atmospheres). For ideal gases, AW = 0. 

If gases are at conditions at which they are far from ideal or if they undergo large pressure 
changes, you must either use tables of thermodynamic properties (such as the steam tables 
for water) or thermodynamic correlations beyond the scope of this text to determine AC' or 
AW. 

• Changes in temperature. The specific internal energy of a species increases with increas¬ 
ing temperature. If a species is heated at constant volume and 0 is plotted versus T . the 
slope of the resulting curve is the heat capacity at constant volume of the species. C-(D. or 
C v = (<?(V<?r) constant (>• If a species undergoes a change in temperature from 7) to T : without 
changing phase, 

Af T ~ C v (T)dT 

Jr, 

This equation is 

(a) exact for an ideal gas, even if V changes during the heating or cooling process. < For an 
ideal gas, U does not depend on V.) 

(b) a good approximation for a solid or liquid. 

(c) valid for a nonideal gas only if V is constant. 

• The specific enthalpy of a species (ft = 0 + P$) also increases with increasing temper¬ 
ature. If a species is heated at constant pressure and W is plotted versus T . the siope of 
the resulting curve is the heat capacity at constant pressure of the species. C P (T ), or C P = 
(dH/(2T)constant p- It follows that if a gas undergoes a change in temperature from T- to T~. 
with or without a concurrent change in pressure, 

AW = f C P (T) dT 

Jr, 
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This equation is 

(a) exact for an ideal gas, even if P changes during the heating or cooling process. (For an 
ideal gas, H does not depend on P.) 

(b) valid for a nonideal gas only if P is constant. 

If a liquid or solid undergoes a temperature change from T x to T 2 and a simultaneous pressure 
change, A P, then 

A H - FA P + f 2 CJT) dT 

fry 

• Table B.2 lists coefficients of polynomial expressions for C p (r)[kJ/(mol*°C)] at P = 1 atm. 
The expressions should be accurate for solids, liquids, and ideal gases at any pressure and for 
nonideal gases only at 1 atm. 

• To determine an expression or value for C V (T) from a known expression or value for C P (T), 
use one of the following relationships: 

Liquids and Solids: C v *= C p 

Ideal Gases: C v = C p - R 

where R is the gas constant. Since the degree unit in the denominator of the heat capacity 
is a temperature interval, R can be subtracted directly from the expressions for C„ in Table 
B.2. 

• The heat capacity of a solid or liquid can be estimated in the absence of tabulated data using 
Kopp’s rule (Section 8.3c). 

• If only tabulated values of C p or C v at discrete temperatures are available, the integrals in 
the expressions for At/ and A H must be evaluated by numerical integration, using formulas 
such as those given in Appendix A.3. 

• Phase changes at constant temperature and pressure. Latent heats are changes in specific en¬ 
thalpy associated with phase changes at constant T and P. For example, the latent heat of 
fusion (more commonly, the heat of fusion), AH m (T, P), is the enthalpy change for the process 
in which a solid at temperature T and pressure P becomes a liquid at the same temperature 
and pressure, and the heat of vaporization, A H V (T, P), is A H for the process in which a liquid 
at T and P becomes a vapor at the same T and P. 

• Table B.l lists standard heats of fusion and vaporization for a number of species, or A H m 
and A// v at the normal melting and boiling point temperatures (P = 1 atm), which are also 
listed in Table B.l. If latent heat data are not available for a species, A H m and A H v may be 
estimated using formulas given in Section 8.4b. 

• You can use the formulas given above to determine the specific enthalpy of any species in one 
state relative to that species in any other state. For example, to calculate H for benzene vapor 
at temperature 300°C and 15 atm relative to solid benzene at a reference state of -20°C and 
1 atm, you would carry out the following steps. 

1. Heat the solid from the reference temperature (-20°C) to its normal melting point 
Tmp, which from Table B.l is 5.53°C. 

r 5.53° c 

AHi = (CV)solid dT 

Jo°c 

(^V)soiid is not listed in Table B.2, so it must either be found elsewhere or estimated 
using Kopp’s rule. The latter provides a crude approximation but a very' reasonable 
one to make in this case, considering how little this step will contribute to the overall 
enthalpy change. 

2. Melt the solid at T mp . A H 2 = A# ra (5.53°C), which from Table B.l is 9.837 kJ/mol. 

3. Heat the liquid from T mp to the normal boiling point, T bp , which from Table B.l is 
80.10°C. 

r80.1°C 

A //3 = (C p )iiq U id dT 

J5.53°C 
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A polynomial formula for (C p )ij qu ;<i is given in Table B.2. Since it applies to T expressed 
in kelvin units, the limits of the integral should be changed to their kelvin equivalents. 

4. Vaporize the liquid at T bp . AH 4 = A// v (80.1°C), which from Table B.l is 30.765 kJ/mol. 

5. Heat the vapor from Tt, p to 300°C. 

f300°C 

A //5 = (Cp)vapor dT 

J80.1°C 

A formula for (C p ) V apor is given in Table B.2. 

6 . Bring the vapor from 1 atm to 15 atm at 300°C. AH b ~ 0 as long as the vapor behaves 
like an ideal gas, which it would at this high temperature. 

7. Add the enthalpy changes for each of the preceding steps to calculate the desired spe¬ 
cific enthalpy. 

• The psychrometric chart (or humidity chart) contains values of a number of process variables 
for air-water vapor systems at 1 atm. The values listed on the chart include dry-bulb tem¬ 
perature (the temperature measured by common temperature-measurement instruments), 
moisture content or absolute humidity (mass ratio of water vapor to dry air), relative humidity, 
humid volume (volume per mass of dry air), wet-bulb temperature (the temperature reading 
on a thermometer with a water-saturated wick around the bulb immersed in a flowing stream 
of humid air), and enthalpy per mass of dry air. If you know the values of any two of these 
variables for humid air at or near 1 atm, you can use the chart to determine the values of the 
other four, which can greatly simplify material and energy balance calculations. 

• In adiabatic cooling operations, a stream of warm gas is brought into contact with a stream of 
cold liquid, causing the gas to cool and some liquid to evaporate. If (a) the gas is dry or humid 
air, the liquid is water, and the process takes place at about 1 atm, (b) the process is adiabatic, 
(c) the heat capacities of liquid water, water vapor, and air can be considered constant over 
the temperature range of the process, and (d) enthalpy changes associated with temperature 
changes of the liquid may be neglected, then the final state of the air must lie on the same 
wet-bulb temperature line as the state of the inlet air on the psychrometric chart. 

• An enthalpy change known as the heat of mixing or heat of solution is associated with the 
mixing of certain liquids (like acids and water) and the dissolving of some gases or solids in 
a liquid solvent at a given temperature and pressure. An ideal solution is one for which the 
heat of mixing or solution is negligible, so that the enthalpy of the solution is the sum of the 
enthalpies of the pure solution components at the same temperature and pressure. All gas 
mixtures are ideal, as are mixtures of structurally similar liquid compounds (like benzene, 
toluene, and xylene). Table B.ll gives heats of mixing at 25°C and 1 atm for aqueous sulfu¬ 
ric acid solutions and heats of solution at the same temperature and pressure for aqueous 
solutions of HCl(g) (hydrochloric acid) and NaOH(s) (caustic soda). 

• To perform energy balance calculations on processes involving nonideal solutions, take the 
pure components at 25°C as references. To determine the specific enthalpy of a feed or prod¬ 
uct solution, look it up on an enthalpy-concentration chart if one is available (e.g.. Figure 
8.5-1 for sulfuric acid solutions or Figure 8.5-2 for aqueous ammonia solutions). Otherwise, 
form the solution at 25°C [A// = A// S (25°C)] and heat or cool it to its state in the process 
(A H = Ijjoc C p dT). For the latter step, either find heat capacity data for the solution or (for 

futoriaT'#! dilute solutions) assume that the heat capacity is that of the pure solvent. 

Questions with 

Immediate Feedback —> Note: This would be a good time to work through Interactive Tutorial #5. 

PROBLEMS 8 .1. The specific internal energy of formaldehyde (HCHO) vapor at 1 atm and moderate temperatures 
is given by the formula 

{/(J/mol) = 25.96T + 0.02134T 2 

where T is in °C. 

(a) Calculate the specific internal energies of formaldehyde vapor at 0°C and 100°C. What reference 
temperature was used to generate the given expression for 0 ? 
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(b) The value of 0 calculated for 100°C is not the true value of the specific internal energy of 
formaldehyde vapor at this condition. Why not? (Hint: Refer back to Section 7.5a.) Briefly state 
the physical significance of the calculated quantity. 

(c) Use the closed system energy balance equation to calculate the heat (J) required to raise the 
temperature of 3.0 mol HCHO at constant volume from 0°C to 100°C. List ail of your assump¬ 
tions. 

(d) From the definition of heat capacity at constant volume, derive a formula for C«(T)[J/mol’ 8 C]. 
Then use this formula and Equation 8.3-6 to calculate the heat (J) required to raise the temper¬ 
ature of 3.0 mol of HCHO(v) at constant volume from 0°C to 100°C. [You should get the same 
result you got in part (c).] 

8.2. The heat capacity at constant pressure of hydrogen cyanide is given by the expression 

C p [J/(mol'°C)] = 35.3 + 0.029ir(°C) 

(a) Write an expression for the heat capacity at constant volume for HCN, assuming ideal gas be¬ 
havior. 

(b) Calculate A,tf(J7moi) for the constant-pressure process 

HCN(v, 25°C, 0.80 atm) HCN(v, 100*C, 0.80 atm) 

(c) Calculate A#(J/mol) for the constant-volume process 

HCN(v, 25°C, 50 nr/kmol) — HCN(v, 100°C, 50 m 3 /kmol) 

(d) If the process of part (b) were carried out in such a way that the initial and final pressures were 
each 0.80 atm but the pressure varied during the heating, the value of A H would still be what 
you calculated assuming a constant pressure. Why is this so? 

8.3. The heat capacity at constant volume of hydrogen sulfide at low pressures is 

Ct,[kJ/(mol-°C)] = 0.0252 + 1.547 x 10“ 5 T - 3.012 x 10 ~ 9 T 2 

where T is in °C. A quantity of H 2 S is kept in a piston-fitted cylinder with initial temperature, pres¬ 
sure, and volume equal to 25°C, 2.00 atm, and 3.00 liters, respectively. 


Initially at 25°C, 

2.00 atm, 3.00 liters 


(a) Calculate the heat (kj) required to raise the gas temperature from 25°C to 1000°C if the heating 
takes place at constant volume (i.e„ if the piston does not move), retaining successively one term, 
two terms, and all three terms of the heat capacity formula. (See Example 8.3-1.) Determine the 
percentage errors in Q that result from retaining only one and two terms of the heat capacity 
formula, assuming that the full expression yields the correct result. 

(b) For a closed system at constant pressure with negligible kinetic and potential energy changes, 
the energy balance equation is Q = A H. Use Equation 8.3-12 to determine an expression for 
the heat capacity at constant pressure ( C p ) for H 2 S, assuming ideal gas behavior. Then use it to 
calculate the heat (J) required to raise the gas from 25°C to 1000 < 'C at constant pressure. What 
would the piston do during this process? 

(c) What is the physical significance of the difference between the values of Q calculated in parts 
(a) and (b)? 

8.4. Use data in Table B.2 to calculate the following: 

(a) The heat capacity ( C p ) of liquid benzene at 40°C. 

(b) The heat capacity at constant pressure of benzene vapor at 40°C. 
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(c) The heat capacity at constant pressure of solid carbon at 40°C. 

(d) A//(kJ/moi) for benzene vapor going from 40°C to 300°C. 

(e) AH(kJ/mol) for solid carbon going from 4(TC to 3G0°C. 

8.5. Estimate the specific enthalpy of steam (kJ/kg) at 350°C and 100 bar relative to steam at 100°C and 
1 atm using: 

(a) The steam tables. 

(b) Table B.2 and assuming ideal gas behavior. 

What is the physical significance of the difference between the values of H calculated by the two 
methods? 

8 . 6 . Calculate AH for each of the following processes. In each case, restate your result as a specific en¬ 
thalpy relative to a reference state. [The solution—which you should verify—and the restatement 
for part (a) are given as an illustration.] Assume that the process pressures are low enough for H 
to be considered independent of pressure, so that the formulas of Table B.2 (which strictly apply at 
1 atm) can be used. 

(a) CHaCOCHs Q, 15°C)—» CH 3 COC H 3 (l, 55°C). 

Solution: \AH = 5.180 kJ/moli 

The specific enthalpy of liquid acetone at 55°C relative to liquid acetone at 15°C is 5.180 kJ/mol. 

(b) n-CsHwO, 25°C) — n-C 6 H 14 (l, 80°C) 

(e) n-QH ! 4 (v, 500°C) —»► n-C 6 H ! 4 (v, 0°C). (Make statements about both the specific enthalpy of 
hexane vapor at 500°C relative to hexane vapor at 0°C and the specific enthalpy of hexane vapor 
at 0°C relative to hexane vapor at 50G°C.) 

8.7. Two formulas for the heat capacity of CO are given here: 

C,[cal/(mol-°C)] = 6.890 + 0.0014367TC) 

C p [Btu/(lb-mole°F)] = 6.864 + 0.0007978T(°F) 

Starting with the first formula, derive the second. (Recall Section 2.5, and remember that the tem¬ 
perature unit in the denominator of C p refers to a temperature interval.) 

8 .8. Table B.2 lists values of the heat capacity of liquid ethanol at two temperatures. Use the tabulated 
values to derive a linear expression for C P (T ); then use the derived expression and data in Table B.l 
to calculate the heat transfer rate (kW) required to bring a stream of liquid ethanol flowing at 55.0 L/s 
from 20°C to the boiling point at 1 atm. 

8.9. Chlorine gas is to be heated from 100°C and 1 atm to 200°C. 

(a) Calculate the heat input (kW) required to heat a stream of the gas flowing at 5.0 kmol/s at 
constant pressure. 

(b) Calculate the heat input (kJ) required to raise the temperature of 5.0 kmol of chlorine in a 
closed rigid vessel from 100°C and 1 atm to 200°C. (Suggestion: Evaluate AU directly from the 
result of the first calculation, so that you do not have to perform another integration.) What is 
the physical significance of the numerical difference between the values calculated in parts (a) 
and (b)? 

(c) To accomplish the heating of part (b), you would actually have to supply an amount of heat to 
the vessel greater than the amount calculated. Why? 

8.10. The heat required to raise the temperature of m (kg) of a liquid from T\ to Tj at constant pressure is 

( t 2 

Q - AH = m C P (T) dT (D 

Jt, 

In high school and in first-year college physics courses, the formula is usually given as 

Q = mC p AT = mC p {T 2 - 7i) (2) 

(a) What assumption about C p is required to go from Equation 1 to Equation 2? 

(b) The heat capacity (C p ) of liquid rt-hexane is measured in a bomb calorimeter. A small reaction 
flask (the bomb) is placed in a well-insulated vessel containing 2.00 L of liquid n-QHi 4 at F = 
300 K. A combustion reaction known to release 16.73 kJ of heat takes place in the bomb, and 
the subsequent temperature rise of the system contents is measured and found to be 3.10 K. In 
a separate experiment, it is found that 6.14 kJ of heat is required to raise the temperature of 
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everything in the system except the hexane by 3.10 K. Use these data to estimate C,,[kJ/(mol-K)] 
for liquid n -hexane at T = 300 K, assuming that the condition required for the validity of Equa¬ 
tion 2 is satisfied. Compare your result with a tabulated value. 

8.11. The heat capacities of a substance have been defined as 



Use the defining relationship between H and 0 and the fact that H and 0 for ideal gases are functions 
only of temperature to prove that C p = C v + R for an ideal gas. 

8.12. Ralph Rackstraw, your next-door neighbor, surprised his wife last January by having a hot tub in¬ 
stalled in their back yard while she was away on a business trip. It surprised her, all right, but instead 
of being pleased she was horrified. “Have you lost your mind, Ralph?” she sputtered. “It will cost 
a fortune to keep this thing hot.” “Don’t be silly, Josephine,” he replied. “It can’t cost more than 
pennies a day, even in the dead of winter.” “No way—and when did you become such an expert, 
anyway?” “I guarantee it will cost nothing—-and I don’t see your Ph.b. certificate on the kitchen 
wall either.” They argued for awhile and then, remembering your chemical engineering education, 
came to ask you to settle it for them. You asked a few questions, made several observations, con¬ 
verted everything to metric units, and arrived at the following data, all corresponding to an average 
outside air temperature of about 5°C. 

• The tub holds 1230 liters of water. 

• Rackstraw normally keeps the tub temperature at 29°C, raises it to 40°C when he plans to use it, 
keeps it at 40°C for about one hour, and drops it back to 29°C when he is finished. 

• During heating, it takes about three hours for the water temperature to rise from 29°C to 40°C. 
When the heat is shut off, it takes eight hours for the water temperature to drop back to 29°C. 

• Electricity costs 10 cents per kilowatt-hour. 

Taking the heat capacity of the tub contents to be that of pure liquid water and neglecting evapora¬ 
tion, answer the following questions. 

(a) What is the average rate of heat loss (kW) from the tub to the outside air? (Hint: Consider the 
period when the tub temperature is dropping from 40°C to 29°C.) 

(b) At what average rate (kW) does the tub heater deliver energy to the water when raising the 
water temperature? What is the total quantity of electricity (kW-h) that the heater must deliver 
during this period? (Consider the result of part (a) when performing the calculation,] 

(c) (These answers should settle the argument.) Consider a day in which the tub is used once. Use 
the results of parts (a) and (b) to estimate the cost ($) of heating the tub from 29°C to 40°C and 
the cost ($) of keeping the tub at a constant temperature. (There is no cost for the period in 
which T is dropping.) What is the total daily cost of running the tub? Assume the rate of heat 
loss is independent of the tub temperature. 

(d) The tub lid, which is an insulator, is removed when the tub is in use. Explain how this fact would 
probably affect your cost estimates in part (c). 

8.13. Use tabulated specific enthalpies from Tables B .8 and B.9 to calculate A H for the following processes, 
all taking place at low pressures: 

(a) N 2 (25°C) - N 2 (700°C) (c) CO 2 (300 o C) - C0 2 (125(TC) 

(b) H 2 (800°F) -» H 2 (77°F) (d) O 2 (970°F) — O 2 (0°F) 

8.14. Calculate the rate of cooling (kW) required to bring 300 kg/min of carbon monoxide from 450°C to 
50°C, performing the calculation (a) using Table B.2 and (b) using Table B. 8 . Considering how much 
simpler the second calculation is, why would you ever use the polynomial formulas of Table B.2 as 
opposed to tabulated enthalpies to calculate enthalpy changes? 

8.15. A stream of water vapor flowing at a rate of 250 mol/h is brought from 600°C and 10 bar to 100°C 
and 1 atm. 

(a) Estimate the required cooling rate (kW) three ways: (i) from the steam tables, (ii) using heat 
capacity data in Table B.2, and (iii) using specific enthalpy data in Table B. 8 . 

(b) Which of the answers in part (a) is most accurate, and why? 

(c) What is the physical significance of the difference between the values calculated with methods 
(i) and (ii)? 
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8.16. A stream of air at 77°F and 1.2 atm absolute flowing at a rate of 200 ft 3 /h is blown through ducts 
that pass through the interior of a iarge industrial motor. The air emerges at 500°F. Using tabulated 
specific enthalpy data, calculate the rate at which the air is removing heat generated by the motor. 
What assumption have you made about the pressure dependence of the specific enthalpy of air? 

8.17. Calculate the heat required to raise 50 kg of solid sodium carbonate (Na 2 CC> 3 ) from 10°C to 50°C 
at 1 atm using 

(a) the true heat capacity of Na 2 C0 3 , which is 1.14 kJ/(kg °C). 

(b) a heat capacity estimated by Kopp’s rule. Calculate the percentage error in the latter calculation. 

8.18. A liquid mixture of 30 wt% acetone and 70 wt% 2-methyl-l-pentanol (QH^O) is cooled from 45°C 
to 20°C. Calculate the associated specific enthalpy change in J/g, using Kopp’s rule to estimate any 
heat capacity for which a tabulated value cannot be found. State all assumptions you make. 

8.19. A gas mixture contains one-third methane by volume (recall what that means in terms of mole%) 
and the balance oxygen at 350°C and 3.0 bar. Calculate the specific enthalpy of this stream in kJ/kg 
(not per kmol) relative to the pure components at 25°C and 1 atm. State clearly all assumptions. 

8.20. The radiant energy incident on the earth’s surface on a sunny day is roughly 900 W/m : . Collecting and 
focusing sunlight and using the focused beam to heat a fluid is an old idea, and as the environmental 
costs of fossil fuel combustion mount, solar heating becomes an increasingly attractive alternative. 

Suppose a house is to be designed that will have a circulating forced air central heating unit, 
and solar energy is contemplated as a heat source (backed up with a conventional furnace to be 
used on cloudy days). If air is to be fed at a rate of 1000 m 3 /min at 30°C and 1 atm, and the air 
is to be heated to 55°C before being discharged into the living space, what is the required area of 
the solar collector plates? Assume 30% of the radiant energy incident on the plates is used to heat 
the air. 

8.21. Propane is to be burned with 15.0% excess air. Before entering the furnace, the air is preheated from 
32°F to 575°F. At what rate (Btu/h) must heat be transferred to the air if the feed rate of propane is 
1.35 X 10 5 SCFH [ft 3 (STP)/h]? 

8.22. A fuel gas containing 95 mole% methane and the balance ethane is burned completely with 25% 
excess air. The stack gas leaves the furnace at 900°C and is cooled to 450°C in a waste heat boiler, 
a heat exchanger in which heat lost by cooling gases is used to produce steam from liquid water for 
heating, power generation, or process applications. 

(a) Taking as a basis of calculation 100 mol of the fuel gas fed to the furnace, calculate the amount 
of heat (kJ) that must be transferred from the gas in the waste heat boiler to accomplish the 
indicated cooling. 

(b) How much saturated steam at 50 bar can be produced from boiler feedwater at 40°C for the 
same basis of calculation? (Assume all the heat transferred from the gas goes into the steam 
production.) 

(c) At what rate (kmol/s) must fuel gas be burned to produce 1250 kg steam per hour (an amount 
required elsewhere in the plant) in the waste heat boiler? What is the volumetric flow rate (m 3 /s) 
of the gas leaving the boiler? 

(d) Briefly explain how the waste heat boiler contributes to the plant profitability. (Think about 
what would be required in its absence.) 

8.23. Twenty liters of liquid n-propyl benzoate (QHsCOjCjH?, SG = 1.021) and 15 liters of liquid ben¬ 
zene are mixed and heated from 25°C to 75°C. Calculate the required heat input (kJ), using Kopp’s 
rule when necessary. State all assumptions you make. 

8.24. Propane gas enters a continuous adiabatic heat exchanger 16 at 40°C and 250 kPa and exits at 240°C. 
Superheated steam at 300°C and 5.0 bar enters the exchanger flowing countercurrently to the 
propane and exits as a saturated liquid at the same pressure. 

(a) Taking as a basis 100 mol of propane fed to the exchanger, draw and label a process flowchart. 
Include in your labeling the volume of propane fed (m 3 ), the mass of steam fed (kg), and the 
volume of steam fed (m 3 ). 

(b) Calculate values of the labeled specific enthalpies in the following inlet-outlet enthalpy table 
for this process. 


16 An adiabatic heat exchanger is one for which no heat is exchanged with the surroundings. All of the heat lost 
by the hot stream is transferred to the cold stream. 
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References: H 2 0(1,0.01°C), C 3 H 8 (g, 40°C) 


Species 

/*»n 

Min 

/lout //out 

c 3 h 8 

100 mol 

H a ( kJ/mol) 

100 mol W c (kJ/mol) 

HjO 

m w (kg) 

H b (kJ/kg) 

m w (kg) /^(kJ/kg) 


(c) Use an energy balance to calculate the required mass feed rate of the steam. Then calculate 
the volumetric feed ratio of the two streams (m 3 steam fed/m 3 propane fed). Assume ideal gas 
behavior for the propane but not the steam and recall that the exchanger is adiabatic. 

(d) Calculate the heat transferred from the water to the propane (kJ/m 3 propane fed). (Hint: Do an 
energy balance on either the water or the propane rather than on the entire heat exchanger.) 

(e) Over a period of time, scale builds up on the heat transfer surface, resulting in a lower rate of 
heat transfer between the propane and the steam. What changes in the outlet streams would 
you expect to see as a result of the decreased heat transfer? 

8.25. Saturated steam at 3Q0°C is used to heat a countercurrently flowing stream of methanol vapor from 
65°C to 260°C in an adiabatic heat exchanger. The flow rate of the methanol is 5500 standard liters 
per minute, and the steam condenses and leaves the heat exchanger as liquid water at 90°C. 

(a) Calculate the required flow rate of the entering steam in m 3 /min. 

(b) Calculate the rate of heat transfer from the water to the methanol (kW). 

8.26. An adiabatic membrane separation unit is used to dry (remove water vapor from) a gas mixture 
containing 10.0 mole% H 2 0(v), 10.0 mole% CO, and the balance C0 2 . The gas enters the unit at 
30°C and flows past a semipermeable membrane. Water vapor permeates through the membrane 
into an air stream. The dried gas leaves the separator at 3Q°C containing 2.0 mole% H 2 0(v) and 
the balance CO and C0 2 . Air enters the separator at 50°C with an absolute humidity of 0.002 kg 
H 2 0/kg dry air and leaves at 48°C. Negligible quantities of CO, C0 2 ,0 2 , and N 2 permeate through 
the membrane. All gas streams are at approximately 1 atm. 

(a) Draw and label a flowchart of the process and carry out a degree-of-freedom analysis to verify 
that you can determine all unknown quantities on the chart. 

(b) Calculate (i) the ratio of entering air to entering gas (kg humid air/mol gas) and (ii) the relative 
humidity of the exiting air. 

(c) List several desirable properties of the membrane. (Think about more than just what it allows 
and does not allow to permeate.) 

8.27. A gas containing water vapor has a dry-basis composition of 8.5 mole% CO, 10.5% C0 2 ,0.5% 0 2 , 
and 80.5% N 2 . The gas leaves a catalyst regeneration unit at 620°C and 1 atm with a dew point of 
57°C at a flow rate of 28.5 SCMH [m 3 (STP)/h]. Valuable solid catalyst particles entrained in the 
gas are to be recovered in an electrostatic precipitator, but the gas must first be cooled to 425°C 
to prevent damage to the precipitator electrodes. The cooling is accomplished by spraying water at 
20°C into the gas. 

(a) Use simultaneous material and energy balances on the spray cooler to calculate the required 
water feed rate (kg/h). Treat the spray cooler as adiabatic and neglect the heat transferred from 
the entrained solid particles as they cool. 

(b) In terms that a high school senior could understand, explain the operation of the spray cooler 
in this problem. (What happens when the cold water contacts the hot gas?) 

8.28. On a cold winter day the temperature is 2°C and the relative humidity is 15%. You inhale air at an 
average rate of 5500 mL/min and exhale a gas saturated with water at body temperature, roughly 
37°C. If the mass flow rates of the inhaled and exhaled air (excluding water) are the same, the heat 
capacities (C p ) of the water-free gases are each 1.05 J/(g-°C), and water is ingested into the body as a 
liquid at 22°C, at what rate in J/day do you lose energy by breathing? Treat breathing as a continuous 
process (inhaled air and liquid water enter, exhaled breath exits) and neglect work done by the lungs. 

8.29. Seventy-five liters of liquid ethanol at 70.0°C and 55 L of liquid water at 20.0°C are to be mixed in a 
well-insulated flask. The energy balance for this constant pressure process is Q = AH. 

(a) Neglecting evaporation and the heat of mixing, estimate the final mixture temperature. (As part 
of the calculation, use data in Table B.2 to estimate a linear formula for the heat capacity of 
liquid ethanol.) 
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(b) If the experiment were actually performed and the final mixture temperature were measured, 
it would almost certainly not equal the value estimated in part (a). List as many reasons as you 
can think of. (There are at least seven of them, most involving approximations made in the 
estimation.) 

8.30. A stream of air at 500°C and 835 torr with a dew point of 30°C flowing at a rate of 1515 L/s is to be 
cooled in a spray cooler. A fine mist of liquid water at 25°C is sprayed into the hot air at a rate of 
110.0 g/s and evaporates completely. The cooled air emerges at 1 atm. 

(a) Calculate the final temperature of the emerging air stream, assuming that the process is adia¬ 
batic. ( Suggestion : Derive expressions for the enthalpies of dry air and water at the outlet air 
temperature, substitute them into the energy balance, and use a spreadsheet to solve the result¬ 
ing fourth-order polynomial equation.) 

(b) At what rate (kW) is heat transferred from the hot air feed stream in the spray cooler? What 
becomes of this heat? 

(c) In a few sentences, explain how this process works in terms that a high school senior could 
understand. Incorporate the results of parts (a) and (b) in your explanation. 

8.31. In the manufacture of nitric acid, ammonia and preheated air are mixed to form a gas containing 10.0 
mole% NH 3 at 600°C. The ammonia is then catalytically oxidized to form NCb, which is absorbed in 
water to form HNO 3 . If ammonia enters the gas blending unit at 25°C at a rate of 520 kg/h and heat 
is lost from the mixer to its surroundings at a rate of 7.00 kW, determine the temperature to which 
the air must be preheated. (See Example 8.3-6.) 

8.32. A natural gas containing 95 mole% methane and the balance ethane is burned with 20.0% excess air. 
The stack gas, which contains no unburned hydrocarbons or carbon monoxide, leaves the furnace at 
900°C and 1.2 atm and passes through a heat exchanger. The air on its way to the furnace also passes 
through the heat exchanger, entering it at 20°C and leaving it at 245°C. 


Stack gas 

Stack gas (C0 2 , H 2 0, 0 2 . N 2 ) 


TV C) 


900°C 


100 mol/s 

I 

preheater! 

1 


FURNACE 

Natural gas 
(CH 4 . C 2 H s ) 

-$- 

Q(kW) 


20% Excess air 
20°C 
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245°C 



(a) Taking as a basis 100 mol/s of the natural gas fed to the furnace, calculate the required molar 
flow rate of air, the molar flow rate and composition of the stack gas. the required rate of heat 
transfer in the preheater, Q (write an energy balance on the air), and the temperature at which 
the stack gas leaves the preheater (write an energy balance on the stack gas). Note : The problem 
statement does not give you the fuel feed temperature. Make a reasonable assumption, and state 
why your final results should be nearly independent of what you assume. 

(b) What would Q be if the actual feed rate of the natural gas were 350 SCMH [standard cubic 
meters per hour, m 3 (STP)/h]? Scale up the flowchart of part (a) rather than repeating the entire 
calculation. 

8.33. The heat capacity at constant pressure of a gas is determined experimentally at several temperatures, 
with the following results: 


T(°C) 

0 

100 

200 

300 

400 

500 

600 

C p [ J/(mol-°C)] 

33.5 

35.1 

36.7 

38.4 

40.2 

42.0 

43.9 ‘ 


(a) Calculate the heat (kW) required to raise 150 mol/s of the gas from 0°C to 600°C, using Simpson s 
rule (Appendix A.3) to integrate the tabulated heat capacities. 

(b) Use the method of least squares (Appendix A.l) to derive a linear expression for C P (T) in the 
range 0°C to 600°C, and use this expression to estimate once again the heat (kW) required to 
raise 150 mol/s of the gas from 0°C to 600°C. If the estimates differ, in which one would you have 
more confidence, and why? 
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*8.34. As part of a design calculation, you must evaluate an enthalpy change for an obscure organic vapor 
that is to be cooled from 1800°C to 150°C in a heat exchanger. You search through all the standard 
references for tabulated enthalpy or heat capacity data for the vapor but have no luck at all, until 
you finally stumble on an article in the May 1922 Antarctican Journal of Obscure Organic Vapors 
that contains a plot of C p [cal/(g-°C)] on a logarithmic scale versus [r(°C)] 1/2 on a linear scale. The 
plot is a straight line through the points (C p = 0.329, T V1 = 7.1) and ( C p = 0.533, T v2 = 17.3). 

(a) Derive an equation for C p as a function of T. 

(b) Suppose the relationship of part (a) turns out to be 

C„ = 0.235 exp[0.04737 Tl/2 ] 

and that you wish to evaluate 

r 150°C 

A# (cal/g) = C p dT 
hmrc 

First perform the integration analytically, using a table of integrals if necessary; then write a 
spreadsheet or computer program to do it using Simpson’s rule (Appendix A.3). Have the pro¬ 
gram evaluate C P at 11 equally spaced points from 150°C to 1800°C, estimate and print the value 
of A//, and repeat the calculation using 101 points. What can you conclude about the accuracy 
of the numerical calculation? 


8.35. A stream of ethylene glycol vapor at its normal boiling point and 1 atm flowing at a rate of 175 
kg/min is to be condensed at constant pressure. The product stream from the condenser is liquid 
glycol at the condensation temperature. 

(a) Using data in Table B.l, calculate the rate (kW) at which heat must be transferred from the 
condenser. 

(b) If heat were transferred at a lower rate than that calculated in part (a), what would the state of 
the product stream be? (Deduce as much as you can about the phase and the temperature of 
the stream.) 

(c) If heat were transferred at a higher rate than that calculated in part (a), what could you deduce 
about the state of the product stream? Sketch a phase diagram (see Figure 6.1-1 on p. 241) and 
use it to explain your answer. 



Student 

Workbook 


(a) Determine the specific enthalpy (kJ/mol) of n -hexane vapor at 200°C and 2.0 atm relative to 
n -hexane liquid at 20°C and 1.0 atm, assuming ideal gas behavior for the vapor. Show clearly 
the process path you construct for this calculation and give the enthalpy changes for each step. 
State where you used the ideal gas assumption. 

(b) What is the enthalpy of/i-hexane liquid at 20°C and 1.0 atm relative to n-hexane vapor at 200°C 
and 2.0 atm? (This part should not take much time to complete.) 

(c) Beginning with the value of H calculated in part (a) and still assuming ideal gas behavior, de¬ 
termine the specific internal energy of the vapor at 200°C and 2.0 atm. Once again, state where 
you used the ideal gas assumption. 
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8.37. Calculate the heat of vaporization of water (kJ/mol) at 50°C and low pressures from the tabulated 
heat of vaporization in Table B.l and data in Table B.2 and Table B.8. Show clearly the process 
path you construct for the calculation. Compare your answer with the value of Atf v (50°C) given in 
Table B.5 (convert it to kJ/mol for the comparison). What might account for the difference between 
the two values? 

8.38. Benzene vapor at 580°C is cooled and converted to a liquid at 25°C in a continuous condenser. The 
condensate is drained into 1.75-m 3 drums, each of which takes 2.0 minutes to fill. Calculate the rate 
(kW) at which heat is transferred from the benzene in the condenser. 

8.39. In gas adsorption a vapor is transferred from a gas mixture to the surface of a solid. (See Section 
6.7.) An approximate but useful way of analyzing adsorption is to treat it simply as condensation of 
vapor on a solid surface. 

Suppose a nitrogen stream at 35°C and 1 atm containing carbon tetrachloride with a 15% rel¬ 
ative saturation is fed at a rate of 10.0 mol/min to a 6-kg bed of activated carbon. The temperature 
and pressure of the gas do not change appreciably from the inlet to the outlet of the bed, and there 
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is no CCU in the gas leaving the adsorber. The carbon can adsorb 40% of its own mass of carbon 
tetrachloride before becoming saturated. Neglecting the effect of temperature on the heat of vapor¬ 
ization of CCI4, estimate the rate at which heat must be removed from the adsorber (kJ/min) to keep 
the process isothermal and the time (min) it will take to saturate the bed. 

8.40. If carbon dioxide is cooled at 1 atm, it condenses directly to a solid (dry ice) at ~78.4°C. The heat of 
sublimation at this temperature is A// sub (-78.4 0 C) = 6030 cal/mol. 

(a) Calculate the heat removal rate (kW) required to produce 300 kg/h of dry ice at 1 atm and 
-78.4°C if C0 2 (v) at 20°C is the feed. 

(b) Suppose the process is carried out at 9.9 atm instead of 1 atm with the same initial and final 
temperatures. Referring to Figure 6.1-16 on p. 241, write an expression for the required heat 
removal rate in terms of heat capacities and latent heats of C0 2 in different phases. 

8.41. Molten sodium chloride is to be used as a constant-temperature bath for a high-temperature chem¬ 
ical reactor. Two hundred kilograms of solid NaCl at 300 K is charged into an insulated vessel, and 
a 3000 kW electrical heater is turned on. raising the salt to its melting point of 1073 K and melting 
it at a constant pressure of 1 atm. 

(a) The heat capacity ( C p ) of solid NaCl is 50.41 J/(mol-K) at T = 300 K, and 53.94 J/(mol-K) at 
T = 500 K, and the heat of fusion of NaCl at 1073 K is 30.21 kJ/mol. Use these data to determine 
a linear expression for C P (T) and to calculate A/?(kJ/mol) for the transition of NaCl from a solid 
at 300 K to a liquid at 1073 K. 

(b) Write and solve the energy balance equation for this closed system isobaric process to determine 
the required heat input in kilojoules. 

(c) If 85% of the full power of 3000 kW goes into heating and melting the salt, how long does the 
process take? 

8.42. Estimate the heat of vaporization of ethyl benzene at its normal boiling point using Trouton’s rule 
and Chen’s rule and compare the results with a tabulated value of this quantity. Then estimate Atf v 
at 10G°C using Watson’s correlation. 

8.43. You are writing energy balances for a compound for which you cannot find heat capacity or latent 
heat data. All you know about the material are its molecular formula (C 7 H 12 N) and that it is a 
liquid at room temperature and has a normal boiling point of 200®C. Use this information to esti¬ 
mate the enthalpy of the vapor of this substance at 200°C relative to the liquid at 25°C. (Recall Sec¬ 
tion 8.3c.) 

8.44. Estimate the heat of vaporization (kJ/mol) of benzene at a pressure of 100 mm Hg, using each of 
the following correlations and data: 

(a) The heat of vaporization at the normal boiling point given in Table B.1, the boiling point at 
100 mm Hg as determined from the Antoine equation, and Watson’s correlation. 

(b) The Clausius-Clapeyron equation and the boiling points at 50 mm Hg and 150 mm Hg as deter¬ 
mined from the Antoine equation. 

(c) The heat of vaporization at the normal boiling point given in Table B.1, the boiling point at 
100 mm Hg as determined from the Antoine equation, and heat capacity data given in Table B. 2. 

8.45. A stream of pure cyclopentane vapor flowing at a rate of 1550 L Is at 150°C and 1 atm enters a cooler 
in which 55% of the feed is condensed at constant pressure. 

(a) What is the temperature at the condenser outlet? Explain how you know (a single sentence 
should suffice). 

(b) Prepare and fill in an inlet-outlet enthalpy table and calculate the required cooling rate in kW. 

8.46. Humid air at 50°C and 1.0 atm with 2°C of superheat is fed to a condenser. Gas and liquid streams 
leave the condenser in equilibrium at 20°C and 1 atm. 

(a) Assume a basis of calculation of 100 mol inlet air, draw and label a flowchart (including Q in 
the labeling), and carry out a degree-of-freedom analysis to verify that ail labeled variables can 
be determined. 

(b) Write in order the equations you would solve to calculate the mass of water condensed (kg) per 
cubic meter of air fed to the condenser. Circle the unknown variable for which you would solve 
each equation. Do not do any of the calculations. 

(c) Prepare an inlet-outlet enthalpy table, inserting labels for unknown specific enthalpies (H u 
Hi,...). Write expressions for the labeled specific enthalpies, substituting values or formulas 
for heat capacities and latent heats but not calculating the values of the specific enthalpies. Then 
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write an expression for the rate at which heat must be transferred from the unit (kj) per cubic 
meter of air fed to the condenser. 

(d) Solve your equations by hand to calculate kg H 2 O condensed/m 3 air fed and kJ transferred/m 3 
air fed. 

*(e) Use an equation-solving program to perform the calculations of part (d). 

(f) What cooling rate (kW) would be required to process 250 m 3 air fed/h? 

8.47. An air conditioner cools 226 m 3 /min of humid air at 36°C and 98% relative humidity to 10°C. 

(a) Do a degree-of-freedom analysis to prove that enough information is available to determine the 
required cooling duty (rate of heat transfer). 

(b) Calculate the rate of condensation of water in the unit and the cooling duty in tons (1 ton = 
12,000 Btu/h). 

8.48. A gas stream containing n -hexane in nitrogen with a relative saturation of 90% is fed to a condenser 
at 75°C and 3.0 atm absolute. The product gas emerges at 0°C and 3.0 atm at a rate of 746.7 m 3 /h. 
Calculate the percentage condensation of hexane (moles condensed/mole fed) and the rate (kW) at 
which heat must be transferred from the condenser. 

8.49. A gas stream containing acetone in air hows from a solvent recovery unit at a rate of 142 L /s at 150°C 
and 1.3 atm. The stream flows into a condenser which liquefies most of the acetone, and the liquid 
and gas outlet streams are in equilibrium at -18°C and 5.0 atm. Shaft work is delivered to the system 
at a rate of 25.2 kW to achieve the compression from 1.3 atm to 5.0 atm. To determine the condenser 
feed stream composition, a 3.00-liter sample of the gas is taken and cooled to a temperature at which 
essentially all the acetone in the sample is recovered as a liquid. The liquid is poured into an empty 
flask with a mass of 4.017 g. The flask containing the liquid acetone is weighed and found to have a 
mass of 4.973 g. 


Q(kW) W % = 

.! 1 

-25,2 kW 

Gas at-l8°C, 5 atm 
acetone(v), air 

us, ioiru, i.j aim 



acetone(v). air 

CONDENSER 


1 * 

+ 

3-titer sample 


: Acetone! 1) at -18°C, 5 atm 

Condense and weigh acetone 



(a) Carry out a degree-of-freedom analysis to show that enough information is available to deter¬ 
mine the compositions of all streams and the required heat transfer rate. 

(b) Write out a complete set of equations for the molar flow rates of all streams, the mole fractions 
of acetone in the feed and product gas streams, and the rate (kW) at which heat must be removed 
in the condenser. Do no calculations. 

(c) Solve the equations of part (b) by hand. 

*(d) Solve the equations of part (b) using an equation-solving program. 

8.50. A mixture of n -hexane vapor and air leaves a solvent recovery unit and flows through a 70-cm di¬ 
ameter duct at a velocity of 3.00 m/s. At a sampling point in the duct the temperature is 40°C, the 
pressure is 850 mm Hg, and the dew point of the sampled gas is 25°C. The gas is fed to a condenser 
in which it is cooled at constant pressure, condensing 60% of the hexane in the feed. 

(a) Perform a degree-of-freedom analysis to show that enough information is available to calculate 
the required condenser outlet temperature (’C) and cooling rate (kW). 

(b) Perform the calculations. 

(c) If the feed duct diameter were 35 cm for the same molar flow rate of the feed gas, what would 
the gas velocity be? 

8.51. An equimolar liquid mixture of n-pentane and n-hexane at 80°C and 5.00 atm is fed into a flash evap¬ 
orator at a rate of 100.0 mol/s. When the feed is exposed to the reduced pressure in the evaporator, a 
substantial amount is vaporized. The temperature in the tank is maintained at 65°C by adding heat. 
The vapor and liquid phases, which are in equilibrium with each other, are separated and discharged 
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as separate streams. The liquid product stream contains 41.0 moie% pentane. A flowchart and an 
inlet-outlet enthalpy table for the process are given below. 


Vapor product 
65°C, F 0 (atm) 



,r P = 0.41 mol P{l)/mol 


(a) Using Raoult’s law for vapor-liquid equilibrium calculations, calculate (i) the system pressure, 
Po(atm), (ii) the mole fraction of pentane in the vapor product, y P , (iii) the volumetric flow 
rate of the vapor product, V'(Us), and (iv) the fractional vaporization of pentane,/(mol vapor¬ 
ized/mol fed). 

(b) Determine values for all the ns and H's in the enthalpy table and calculate the required rate of 
heat addition to the evaporator, Q( kW). 
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A liquid stream containing 50.0 mole% benzene and the balance toluene at 25°C is fed to a con¬ 
tinuous single-stage evaporator at a rate of 1320 mol/s. The liquid and vapor streams leaving the 
evaporator are both at 95.0°C. The liquid contains 42.5 mole% benzene and the vapor contains 
73.5 mole% benzene. 

(a) Calculate the heating requirement for this process in kW. 

(b) Using Raoult’s law (Section 6.4b) to describe the equilibrium between the vapor and liquid 
outlet streams, determine whether or not the given benzene analyses are consistent with each 
other. If they are, calculate the pressure (torr) at which the evaporator must be operating; if 
they are not, give several possible explanations for the inconsistency. 

The off-gas from a reactor in a process plant in the heart of an obscure banana republic has been 
condensing and plugging up the vent line, causing a dangerous pressure buildup in the reactor. Plans 
have been made to pass the gas directly from the reactor into a cooling condenser in which the gas 
and liquid condensate will be brought to 25°C. 

You have been called in as a consultant to aid in the design of this unit. Unfortunately, the chief 
(and only) plant engineer has disappeared and nobody else in the plant can tell you what the off-gas 
is (or what anything else is, for that matter). 

However, a job is a job, and you set out to do what you can. You find an elemental analysis in the 
engineer’s notebook indicating that the gas formula is C 5 Hi 2 0. On another page of the notebook, 
the off-gas flow rate is given as 235 m 3 /h at 116°C and 1 atm. You take a sample of the gas and cool 
it to 25°C, where it proves to be a solid. You then heat the solidified sample at 1 atm and note that 
it melts at 52°C and boils at 113°C. Finally, you make several assumptions and estimate the heat 
removal rate in kW required to bring the off-gas from 116°C to 25°C. What is your result? 

A sheet of cellulose acetate film containing 5.00 wt% liquid acetone enters an adiabatic dryer where 
90% of the acetone evaporates into a stream of dry air flowing over the film. The film enters the 
dryer at 7n — 35°C and leaves at Tf 2 (°C). The air enters the dryer at 7 al (°C) and 1.01 atm and ex¬ 
its the dryer at T& — 49°C and 1 atm with a relative saturation of 40%. C p may be taken to be 
1.33 kJ/(kg °C) for dry film and 0.129 kJ/(mol-°C) for liquid acetone. Make a reasonable assumption 
regarding the heat capacity of dry air. The heat of vaporization of acetone may be considered inde¬ 
pendent of temperature. Take a basis of 100 kg film fed to the dryer for the requested calculations. 

(a) Estimate the feed ratio (liters dry air (STP)/kg dry film], 

(b) Derive an expression for T a i in terms of the film temperature change, (7)2 — 35), and use it to 
answer parts (c) and (d). 

(c) Calculate the film temperature change if the inlet air temperature is 120°C. 

(d) Calculate the required value of T a i if the film temperature falls to 34°C, and the value if it rises 
to 36°C. 
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(e) If you solved parts (c) and (d) correctly, you found that even though the air temperature is 
consistently higher than the film temperature in the dryer, so that heat is always transferred 
from the air to the film, the film temperature can drop from the inlet to the outlet. How is this 
possible? 

8.55. Saturated propane vapor at 2.00 x 10 2 psia is fed to a well-insulated heat exchanger at a rate of 
3.00 x 10 3 SCFH (standard cubic feet per hour). The propane leaves the exchanger as a saturated 
liquid (i.e., a liquid at its boiling point) at the same pressure. Cooling water enters the exchanger 
at 70°F, flowing cocurrently (in the same direction) with the propane. The temperature difference 
between the outlet streams (liquid propane and water) is L5°F. 

(a) What is the outlet temperature of the water stream? (Use the Cox chart on p. 247.) Is the outlet 
water temperature less than or greater than the outlet propane temperature? Briefly explain. 

(b) Estimate the rate (Btu/h) at which heat must be transferred from the propane to the wa¬ 
ter in the heat exchanger and the required flow rate (lb m /h) of the water. (You will need to 
write two separate energy balances.) Assume the heat capacity of liquid water is constant at 
1.00 Btu/(lb m °F) and neglect heat losses to the outside and the effects of pressure on the heat 
of vaporization of propane. 

8.56. An aqueous slurry at 30°C containing 20.0 wt% solids is fed to an evaporator in which enough water 
is vaporized at 1 atm to produce a product slurry containing 35.0 wt% solids. Heat is supplied to the 
evaporator by feeding saturated steam at 1.6 bar absolute into a coil immersed in the liquid. The 
steam condenses in the coil, and the slurry boils at the normal boiling point of pure water. The heat 
capacity of the solids may be taken to be half that of liquid water. 


Aqueous slurry at 30°C 
20 wt% S (solids) 


H 2 0(v) 



EVAPORATOR 

Slurry 
35 wt% S 


H 2 0(v) 
Sat’d. 1.6 bar 


HjO(l) 

Sat'd, 1.6 bar 


(a) Calculate the required steam feed rate (kg/h) for a slurry feed rate of 1.00 x 10 3 kg/h. 

(b) Vapor recompression is often used in the operation of an evaporator. Suppose that the vapor 
(steam) generated in the evaporator described above is compressed to 1.6 bar and simultane¬ 
ously heated to the saturation temperature at 1.6 bar, so that no condensation occurs. The com¬ 
pressed steam and additional saturated steam at 1,6 bar are then fed to the evaporator coil, in 
which isobaric condensation occurs. How much additional steam is required? 

(c) What more would you need to know to determine whether or not vapor recompression is eco¬ 
nomically advantageous in this process? 

8.57. A mixture that contains 46 wt% acetone (CH 3 COCH 3 ), 27% acetic acid (CH 3 COOH), and 27% 
acetic anhydride [(CHjCO^O] is distilled at P - 1 atm. The feed enters the distillation column at 
T = 348 K at a rate of 15,000 kg/h. The distillate (overhead product) is essentially pure acetone, and 
the bottoms product contains 1 % of the acetone in the feed. 

The vapor effluent from the top of the column enters a condenser at 329 K and emerges as a 
liquid at 303 K. Half of the condensate is withdrawn as the overhead product, and the remainder is 
refluxed back to the column. The liquid leaving the bottom of the column goes into a steam-heated 
reboiler, in which it is partially vaporized. The vapor leaving the reboiler is returned to the column 
at a temperature of 398 K, and the residual liquid, also at 398 K, constitutes the bottoms product. A 
flowchart of the process and thermodynamic data for the process materials follow. 

(a) Calculate the molar flow rates and compositions of the product streams. 

(b) Calculate the condenser cooling requirement (j c (kJ/h). 

(c) Use an overall energy balance to determine the reboiler heating requirement Q r (kJ/h). 

(d) If the reboiler heat is provided by the condensation of saturated steam at 10 bar gauge, at what 
rate must steam be fed? 
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Thermodynamic Data (All temperatures are in kelvin) 

Acetone: C pi = 2.30 kJ/(kg-K) 

C pv [kJ/(kg-K)] = 0.459 + 3.15 x 10* 3 r - 0.790 x 10“’T 2 
A// v ( 329 K) = 520.6 kJ/kg 
Acetic acid: C p , = 2.18 kJ/(kg*K) 

C pv [kJ/(kg-K)] = 0.688 + 1.87 x 10~ 3 F - 0.411 x 10~ 6 r 2 
AH V (391 K) = 406.5 kJ/kg 

Acetic anhydride: C^kJ/fkg-K)] = ? (Estimate it—see Section 8.3c.) 

C F v[kJ/(kg-K)] = 0.751 + 1.34 X 10~ ? F - 0.046 x 10~ 6 F 2 
AW V (413 K) = ? (Estimate it—see Section 8.4b.) 

A double-effect evaporator (two evaporators in series) is used to produce fresh water from seawater 
containing 3.5 wt% dissolved salts. A flowchart for the process is shown here. 



Seawater enters the first effect at 300 K at a rate of 5000 kg/h. and saturated steam at 4.00 
bar absolute is fed into a tube bundle in the first effect. The steam condenses at 4.00 bar, and the 
condensate is withdrawn at the saturation temperature corresponding to this pressure. 
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The heat given up by the steam condensing in the tubes causes water to evaporate from the 
brine solution at the pressure of 0.60 bar maintained in the effect. The exiting brine contains 
5.5 wt% salt. The steam generated in the first effect is fed to a tube bundle in the second effect. The 
condensate from the bundle and the steam generated in the second effect at a pressure of 0.20 bar 
constitute the fresh water produced in the process. 

In solving the problems to be given, assume that the brine solutions in both effects have the 
physical properties of pure water and that the effects operate adiabatically. 

(a) Draw and label a flowchart of this process, giving the temperature and specific enthalpy of each 
stream. 

(b) At what rate must steam be fed to the first effect? 

(c) What is the production rate of fresh water? What is the salt concentration (weight percent) of 
the final brine solution? 

(d) Why is it necessary that the pressure decrease from one effect to the next? 

(e) Suppose a single-effect evaporator were used, operating at P = 0.20 bar. Calculate the feed 
rate of saturated steam at P = 4.00 bar that would be required to achieve the same production 
rate of fresh water. What more would you need to know to determine which process is more 
economical? 
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*8.59. Seawater containing 3.5 wt% dissolved salts is to be desalinated in an adiabatic six-effect evaporator. 
(See Problem 8.58.) Backward feed is to be used: the seawater is fed to the last evaporator, and 
successively concentrated brine solutions flow countercurrent to the direction of flow of steam from 
one effect to the next. Saturated steam at P = 2 bar is fed to the tube bundle in the first effect. The 
operating pressures in bars of the six effects are, respectively, 0.9,0.7,0.5,0.3,0.2, and 0.1. The brine 
leaving the first effect contains 30 wt% salt. The flowchart shows Effects 1,5, and 6. 


Sat'd at 0.9 bar 



at 2 bar 

Following is a labeled diagram of the i th effect: 


Steam to effect (i + 1) 





Saturated at P, 

(kg/h). H Vi {kJ/kg) 

Brine to effect (/ - 1} 



Brine from effect (i + 1) 

nufl'gfh), JEytkg salt/kg), /f ti (kj/kg) 

EFFECT ! 
F’jtbar) 

W L ) I+ t (kg/h), {*);, [{kgsalt/kg) 




(HOi. [(kJ/kg) 

Steam from effect U~ 1) 


Condensate 

Saturated at P ,. • 

dii) 

Saturated at P, _, 




{«A - [tkg/h). OT L )j _ [(kJ/kg) 


'Computer problem. 
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In terms of the variables defined in this diagram, 

«L7 = 5000 kg/h 
x\j = 0.035 kg salt/kg 
Xu = 0.30 kg salt/kg 

?ivo = feed rate of steam to the first effect 

(a) Use a salt balance to calculate «li* Then use this result to determine how much fresh water is 
produced in the process. 

(b) Prepare a table as follows: 


p 

(bar) 

T 

(K) 

«L 

(kg/h) 

XL Hl 

(kJ/kg) 

«v 

(kg/h) 

Hv 

(kJ/kg) 

Fresh steam 2.0 


_ 

— - 




Effect 1 0.9 0.30 

2 0.7 

3 0.5 

4 0.3 

5 0.2 

6 0.1 


(7) 1.0 300 5000 0.035 


Fill in all known variable values (do not calculate any yet), including values obtained from the 
steam tables, assuming that the physical properties of the brine solution are those of pure water. 

(c) Show that the following equations can be derived from balances: 

Xu = («l).+i(*l);+i/«U W 


(nv)j-i 


ny/ij'vi + hi'jHu ~ 

(tfv)f-i - (# 0,-1 


( 2 ) 


(no,--! = h u - (nv)i-i * 3 > 

(d) The missing entries in the table of part (b) may be determined by solving Equations 1 through 
3 for all effects simultaneously, but this is a cumbersome task. Instead, a relatively simple trial- 
and-error method may be used, which consists of assuming a value for nvs, calculating n t6 = 
ii L1 - n V6> and successively solving Equations 1 through 3 for *l6, hvs, hu, then xl*? a, «l4, 
and so on, until finally x u is calculated. If the calculated value of x u is less than the known 
value of 0.3, a higher value of h V6 is assumed and the process is repeated; if x L i > 0.3. a lower 
value of wvs is assumed. A reasonable first guess for h V6 is 1/6 of the total rate of evaporation 
(determined in part (a)]. 

Construct a spreadsheet program to perform these calculations, using the goalseek tool to 
carry out the trial-and-error search for the correct value of «V6- Fill in the table of pan (b). 

(e) Solve the equations of part (c) for all six effects using an equation-solving program. Fill in the 
table of part (b). 

8.60. A liquid is placed in a well-insulated container, which is then sealed. Initially, the container and its 
contents (the liquid and pure nitrogen) are at 93°C and 1 atm; the liquid volume is 70 cm 3 , and the gas 
volume is 3.00 L. The liquid partially evaporates, and the system cools down and eventually comes 
to thermal equilibrium at 85°C with liquid still present. Physical property data for the liquid and its 
vapor are: 

AU V = 20 kcal/mol at 90°C 


(C p ), iq = 20 cal/(mol‘°C) 
(C p ) vap = 10cal/(mol-°C) 
(SG)iiq = 0.90 
MW = 42 
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(a) Determine (C v )i;<, and (C,,) vap . (See Equations 8.3-11 and 8.3-12.) 

(b) Draw and label a flowchart for this closed system process, and write and simplify the energy 
balance equation, assuming adiabatic operation. 

(c) Use the energy balance to calculate the mass of liquid that evaporates, taking 4.97 cal/(moi-°C) 
as the heat capacity of nitrogen. 

(d) Calculate the vapor pressure of the liquid at 85°C, assuming that the gas volume remains con¬ 
stant at 3.00 L. 

8.61. A small pharmaceutical firm plans to manufacture a new drug and has hired you as a consultant to 
design a condenser to remove the drug from a gas-vapor mixture. The mixture, which contains 20 
mole% of the drug and the balance nitrogen, will be fed to the condenser at 510 K and 1 atm at a 
rate of 3.5 L/s. Of the drug fed to the unit, 90% must be condensed. No physical property data are 
available for the drug, and part of your job is to acquire the data needed to design the condenser. 
The company has sent you a large sample of the liquid drug for this purpose. 

You acquire an insulated 2.000-liter container with a known heat capacity and a built-in elec¬ 
trical heating coil that can deliver a known heat input to the contents of the container. A calibrated 
thermocouple is used to measure the temperature in the vessel, and the pressure is measured with 
a mercury manometer. 

You carry out a series of experiments on a day when atmospheric pressure is 763 mm Hg. 
Experiment 1. Fill the container with the liquid, then seal and weigh. 

mass of container + liquid = 4.4553 kg 
mass of evacuated container = 3.2551 kg 

Next, starting at each of two temperatures (T 0 ), add a fixed quantity of heat to the liquid, observe 
the final temperature (7», and subtract the heat absorbed by the container from the total heat input 
to determine the amount of the heat added to the liquid, Q 3 . 

T 0 = 283.0 K, Q a = 800.0 J ==> T { = 285.4 K 

T 0 = 330.0 K, 2a = 800.0 J => T { = 332.4 K 

Assume that the liquid heat capacity may be expressed as a linear function of temperature (C„ = 
aT + b) when analyzing these results. 

Experiment 2. Pour a small quantity of the drug into the container, place the container in a liquid 
nitrogen bath to freeze the drug, evacuate all of the air, and seal the container. Weigh the container 
after it comes back to room temperature, 

mass of container + drug = 3.2571 kg 

Next heat the sealed container until all of the liquid evaporates, and repeat Experiment 1. 

To = 363.0 K, Amanometer = "500 mm, Q, = 1.30J => Tf = 366.9 K 

To = 490.0 K, Amanometer = “408 mm, Q z = 1.30J ==> r f = 492.7 K 

Assume that the vapor heat capacity may be expressed as a linear function of temperature when 
analyzing these results. 

Experiment 3. Fill approximately half the container with the drug, freeze, evacuate the air, and 
seal. Measure the pressure at several temperatures, verifying that liquid is present in the container 
at each temperature. 

T = 315.0 fC, Amanometer ~ 564 mm 

T = 334.0 K, A maitomeIer = -362 mm 
T — 354.0 K, Amanometer ~ “2 mm 
T = 379.0 K, Amanometer = +758 mm 

(a) Using the given data, determine the following physical properties of the drug: (i) liquid specific 
gravity, (ii) molecular weight, (iii) linear expressions for the heat capacities at constant volume 
(in J/(mol-K)] for both the liquid and vapor [C v ~ a + W(K)], (iv) linear expressions for C p for 
both liquid and vapor, (v) a Clausius-Clapeyron expression for p'(f), (vi) the normal boiling 
point, and (vii) the heat of vaporization (in J/mol) at the normal boiling point. 

(b) Calculate the required condenser temperature, assuming operation at 1 atm. 
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(c) Calculate the rate at which heat must be removed in the condenser, taking the heat capacity of 
nitrogen to be constant at 29.0 J/(mol - K). 

8.62. Freeze drying is a technique for dehydrating substances at low temperatures, therebv avoiding the 
degradation that may accompany heating. The material to be dried is cooled to a temperature at 
which all of the water present turns to ice. The frozen substance is then placed in a vacuum chamber 
and may also be subjected to radiant or microwave heating; the ice in the food sublimates, and the 
vapor is carried off by the vacuum pump. 

Steaks are to be freeze-dried in a heated chamber at 1 torr (1 mm Hg). The steaks, which contain 
72% water by mass, enter the chamber at -26°C at a rate of 50 kg/min. Of the water entering with 
the steaks, 96% leaves as a vapor at 60°C; the remainder leaves as a liquid with the steaks at 50°C. 

(a) Use the heat capacity data given below and additional tabulated data for water to calculate the 
required heat input in kilowatts. 

(C p ) lce = 2.17 J/(g-°C) 

(Op)dry meat = 1-38 J/(g ,0 C) 

(b) When large temperature changes are not involved in a phase-change operation, a reasonable 
estimate of the required heat transfer rate may be obtained bv neglecting contributions or tem¬ 
perature changes to the overall process enthalpy change (i.e.. bv taking onlv phase changes into 
account). Moreover, it is often reasonable to use any available values of latent heats, neglect¬ 
ing their dependence on temperature and pressure. In the case of the freeze-drying process, the 
approximation might be to calculate only the heat needed to melt all the water and vaporize 
96% of it, using latent heats at the normal melting and boiling points (Table B.1) and neglecting 
the heat required to raise the temperature of the meat and water. What percentage error in the 
calculated value of Q would result from this approximation? Take the value determined in part 
(a) to be exact. 

8.63. Freeze concentration is used to produce a fruit-juice concentrate. A stream of fresh juice containing 
12 wt% soluble solids in water at 20°C is combined with a recycle stream to form a preconcenuate. 
which is fed to a crystallizer. The mixture is cooled in the crystallizer to -TC. therebv crystalfizing 
20,000 kg/h of ice. A slurry leaves the crystallizer containing 10 wt% ice and is fed to a filler. The 
filtrate, which contains 45 wt% dissolved solids, is removed as the process product. The remaining 
slurry, which contains ail the ice and some concentrate (also containing 45% dissolved solids), is 
sent to a separator that cleanly removes all of the ice. The residual liquid is the recycle stream that 
combines with the fresh feed to form the preconcentrate. 

(a) Determine the rates (kg/h) at which fresh fruit juice is fed and concentrate is produced, and the 
mass flow rate (kg/h) and solids concentration of the preconcentrate. 

(b) Calculate the cooling requirement (kW) for the freezer, assuming that the temperature of the 
recycle stream is 0°C and the heat capacity of all solutions is 4.0 kJ/(kg-°C). 

8.64. A mixture containing 35.0 mole% n-butane and the balance isobutane at 10°C enters a heat ex¬ 
changer at a rate of 24.5 kmol/h and a pressure high enough for the mixture to be a liquid. The ex¬ 
changer has been designed to heat and vaporize the liquid and heat the vapor mixture to ISffC. The 
heating fluid is a high molecular weight liquid with a constant heat capacity C ? = 162 kJ (kg-'C). 
It enters the exchanger at 215°C and flows countercurrentiy to the hydrocarbon mixture. 

(a) Estimate the minimum pressure (bar) required for the hydrocarbon feed to be a Liquid. Use 
Raoult’s law and the Cox chart (Figure 6.1-4) in your calculation. 

(b) Assuming that the heat capacities and heats of vaporization of n -butane and isobutane are inde¬ 
pendent of pressure (so that the values in Tables B. 1 and B.2 may be used), calculate the enthalpy 
change Mtl (kJ/h) undergone by the hydrocarbon mixture in the heat exchanger. Show the pro¬ 
cess paths you use for «-butane and i-butane in your calculation. (Hint: Since you don't have 
heat capacities for liquid n-butane and t-butane in this text, use process paths that don't require 
them.) 

(c) According to the heat exchanger design calculations, the heating fluid exit temperature should 
be 45°C. Assuming that ail the heat lost by the heating fluid is transferred to the hvdrocarbon 
mixture, what is the required mass flow rate of the heating fluid. m u (kg/h)? 

(d) When the heat exchanger is run with m hf equal to the value calculated^ part (b). the exit tem¬ 
perature of the hydrocarbon mixture is measured and found to be only 155°C instead of the 
design value of 180°C. The process operator observes that the outside of the exchanger is hot 
to the touch, indicating that some of the heat lost by the heating fluid is escaping into the plant 
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instead of being transferred to the hydrocarbon mixture. After discussing the situation with a 
production engineer, the operator gradually increases the flow rate of the heating fluid while 
continuing to monitor the outlet temperature of the hydrocarbon. When the flow rate reaches 
2540 kg/h, the outlet fluid temperatures level out at their design values (180°C for the hydro¬ 
carbon and 45°C for the heating fluid). At what rate (kJ/h) is heat being transferred from the 
exchanger to the plant air? 

(e) When the heating fluid leaves the exchanger, it passes through a heater, which raises its tem¬ 
perature back to 215°C, and is recycled back to the exchanger. How is the profitability of the 
process being decreased by the heat loss from the exchanger to the surroundings? (Try to think 
of two costs that result from the heat loss.) 

(f) The engineer proposes adding more insulation to the heat exchanger, which would cut down on 
the heat loss and reduce the required heating fluid flow rate. What are advantages and disad¬ 
vantages of the two responses to the heat loss problem (adding insulation versus increasing the 
heating fluid flow rate)? Which would you guess would be the preferable response in the long 
run, and why? 

8.65. A liquid mixture of benzene and toluene containing 50.0 wt% benzene at 90°C and pressure P 0 is 
fed at a rate of 32.5 m 3 /h into a flash evaporator, a heated tank maintained at a pressure F^nk ^ P 0 , 
When the feed is exposed to the reduced pressure in this unit, a portion of it evaporates. The liquid 
and vapor product streams are in equilibrium at 75°C and fW- The liquid product contains 43.9 
mole% benzene. When carrying out the requested calculations, assume volume additivity of liquid 
benzene and toluene, use Raoult’s law and the Antoine equation where necessary, and neglect the 
effect of pressure on enthalpy. 

(a) Calculate the molar flow rate (moi/s) and molar composition (component mole fractions) of the 
feed stream. Then calculate the minimum value of Po(atm) needed to keep the feed stream in 
the liquid state until it enters the flash tank. 

(b) Calculate P t ank(atm), the mole fraction of benzene in the vapor, and the molar flow rates of the 
liquid and vapor products, 

(c) Calculate the required heat input rate in kilowatts. 

(d) An hour after the system is started up, a chromatographic analysis of the vapor product is run 
and the benzene mole fraction is found to be 3% higher than the value calculated in part (b). 
The system temperature and pressure are rechecked and found to have the correct values. Give 
several possible explanations of the discrepancy between the calculated and measured values. 

(e) Briefly explain why the product temperature is lower than the feed temperature. What would 
be required to run the unit isothermally? 

*8.66. A continuous adiabatic flash tank is to be used to separate a liquid mixture of two substances (A 
and B). The feed enters at temperature TV and a high pressure and flashes to a low pressure, P, 
whereupon its temperature drops to T. For an assumed basis of 1 mol/s of feed, let 


hi, hy = molar flow rates of liquid product and vapor product 
*f> x,y - mole fractions of A in the feed, liquid product, and vapor product 
p* A (T), p' e (T) = vapor pressures of A and B 

Tra, Tr B - reference temperatures for enthalpy calculations 


#af(7f), #al(T), H a v(T) 
??bf (TV), Hbl(T), Hbv(T) 


specific enthalpies of A and B in 
the feed, liquid product, and vapor 
product, relative to 7 ra and Trb 


(a) 


Derive the following relations from Raoult’s law and material and energy balances on the flash 
tank: 


= P ~ PUT) 

P\{T) “ Pb(T) 


( 1 ) 


y = x p\(t)/ p 


(2) 


hi 


y-x F 


(3) 


‘Computer problem. 
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n v = 1 ~ « L (4) 

A// = h L [xH AL (T) + (1 - .r)// BL (r)] + «v[yW AV (r) + (1 - y)W B v(T)] 

- [x F H Af (T F ) + (1 - x f )H bf (Tf)] = 0 (5) 

(b) Write a spreadsheet program to perform flash calculations for a feed mixture of n-pentane and 
n -hexane. When calculating enthalpies of these species, the following heat capacity formulas 
should be used for liquid and vapor, respectively: 

Cpi = ci\ 

C py = £t v + b v T(°C) 

The spreadsheet should have the following form. Some values are given, others should be looked 
up in data tables, and the remainder should be calculated from Equations 1 to 5 and appropriate 
formulas for specific enthalpies. 


Chapter 8—Problem 8.66 
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In this table. A, B, and C are Antoine equation constants, al, av, and bv are the coefficients 
of the given heat capacity formulas; Tbp(°C) and DHv(kJ/moI) (A/? v ) are the normal boiling 
point and heat of vaporization, xF(mol pentane/mol) is the mole fraction of pentane in the 
feed, Tf(°C) is the feed temperature, P(mm Hg) is the system pressure, HAF (/?af) and HBF 
(Hbf) are the specific enthalpies of pentane and hexane in the feed stream, pA* is the vapor 
pressure of n-pentane (to be determined using the Antoine equation), x and nL (x and n L ) are 
the mole fraction of pentane in the liquid product stream and the molar flow rate of that stream, 
respectively, y and nV are the corresponding properties of the vapor product stream, HAL is 
the specific enthalpy of pentane in the liquid product stream, and DH (AH) is the expression 
given in Equation 5 for the change in total enthalpy from inlet to outlet. 

Enter the appropriate constants and formulas for A, B, C, al, av, bv, Tbp, and DHv for 
n-pentane and n-hexane, an initial guess for T in Column 2 (= 80.0), and the appropriate for¬ 
mulas for the rest of the variables in Column 2. Then vary the value of T until the value of AH is 
suitably close to zero, using the goalseek tool if your spreadsheet program provides it. The value 
of AH (-51.33 kJ/s) corresponding to the initial guess of 80°C is shown in the second column of 
the table. Your spreadsheet should generate the same value. 

After completing the calculations in the second column, copy the formulas into the third 
and fourth columns and perform the calculations for these two sets of input parameter values. 
State how increasing the system pressure and feed temperature affect the fraction of the feed 
vaporized (nV) and the final system temperature (T), and briefly explain why your results make 
sense. 

*(c) Write a computer program to read in and print out values of x F , r F (°C), and P(mm Hg), and 
for each of the feed mixture components the Antoine equation coefficients, a reference tem¬ 
perature (e.g., 25°C), the liquid heat capacity (assume constant), normal boiling point, heat of 
vaporization, and coefficients of a two-term vapor heat capacity formula C p = a + bT. Then 
have the program carry out a trial-and-error procedure to calculate and print out the flash tank 
temperature and the flow rates and compositions of the vapor and liquid product streams. 

An inefficient but simple procedure is to assume a value of T (7> is a reasonable first guess), 
solve Equations 1 through 4 successively, and then evaluate the left side of Equation 5 (which 
equals AH for the assumed temperature and must be positive when T = 7V). The value of T is 
then decreased by a small fixed amount, such as 0.5°C, and the procedure is repeated until the 
sign of AH changes from positive to negative from one T to the next. The true T (for which 
AH = 0) must lie between the two last assumed values and may be estimated by linear inter¬ 
polation. When calculating specific enthalpies, use the heat capacity formulas for pentane and 
hexane given in part (b). 

A flowchart for a program to implement this procedure is shown in Figure P8.1. Write the 
program and test it by estimating the flash tank temperature and product stream flow rates 
(mol/s) and compositions (mole fractions) for the flash vaporization of one mol/s of an equimo¬ 
lar mixture of n-pentane (A) and n-hexane (B), if the feed temperature is 110°C and the tank 
pressure is 1.0 atm. 

8.67. A saturated vapor stream containing 10.9 mole% propane, 75.2% isobutane, and 13.9% n-butane 
passes from the top of a distillation column to a total condenser. Seventy-five percent of the con¬ 
densate is returned to the column as reflux, and the remainder is removed as the overhead column 
product at a rate of 2500 kmol/h. 

A decision must be made on whether to use a refrigerant or cooling water in the condenser. If 
the refrigerant is used, it will be fed to the condenser as a liquid and vaporized by the heat released 
by the condensing column vapor. The refrigerant pressure will be such that the vaporization takes 
place at -6°C, at which temperature AH V - 151 kJ/kg. The other option calls for cooling water to 
be taken from a nearby river at its average summer temperature of 25°C. To avoid environmental 
problems, the temperature of the water returned to the river can be no greater than 34°C. With either 
system, the temperature of the condensate should be 6°C greater than the outlet temperature of the 
coolant, so that if the refrigerant is used the saturated condensate should have a temperature of 0°C, 
and if cooling water is used the saturated condensate should be at 40°C. The condenser pressure will 
be set to the minimum value needed to condense all of the vapor, which is to say the condensate 


'Computer problem. 
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Figure P8.1 Flowchart for program of Problem 8.66. 
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will be at its bubble-point temperature at the condenser pressure. Raoult’s law may be used for all 
bubble-point and dew-point calculations (see Section 6.4c). 

(a) Suppose the refrigerant is used for cooling. Estimate the condenser pressure P(mm Hg): the 
temperature T ( (°C) of the vapor fed to the condenser, assuming that the vapor is at its dew 
point at pressure P: and the required coolant flow rate (kg/h). 

(b) Repeat part (a) assuming that cooling water is fed to the condenser. 

(c) What more would you need to know to be able to choose between the two options? 

8.68. Formaldehyde is produced from methanol in a catalytic oxidation reactor. The following reactions 
take place: 

CHjOH — HCHO + H, 

2 H 2 + 0 2 — 2 H.O 

A stream of methanol is joined by a recycle stream, also methanol, and the combined stream is fed :o 
the conversion reactor. Also entering the reactor are air (to oxidize some of the hydrogen produced 
in the methanol conversion reaction) and steam (to control the reactor temperature). The product 
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gas from the reactor contains 19.9 mo!e% formaldehyde, 8.34% methanol, 30.3% nitrogen, 0.830% 
oxygen, 5.0% hydrogen, and 35.6% water vapor and is at 600°C and l atm. 

The following process is used to separate the formaldehyde from the unreacted methanol and 
noncondensable gases. The gases leaving the reactor are fed to a waste-heat boiler, in which they 
are cooled to 145°C, in the process generating steam at 3.1 bar from saturated liquid water (i.e., 
liquid water at its boiling point) at the same pressure. The gases are cooled further to 100°C in a 
heat exchanger, where they come into thermal contact with cooling water fed at 30°C. To reduce 
scaling on the heat exchanger tubes, the temperature increase of the cooling water is limited to 
15°C. The cooled gases are fed to an absorption column, where methanol and formaldehyde are 
absorbed in water. Pure water at 20°C is fed to the top of the column. The gas leaving the absorber 
is saturated with water vapor at 27°C and 1 atm and contains 200 parts of formaldehyde per million 
parts (by volume) of total gas. The aqueous solution leaving the bottom of the absorber at 88°C is fed 
to a distillation column that operates at 1 atm. The final product solution, which contains 37 wt% 
formaldehyde, 1% methanol, and the balance water, is removed from the reboiler at the bottom 
of the column, while pure methanol vapor emerges as the overhead product and is condensed at 
1 atm. A portion of the condensate is refluxed to the top of the column, and the rest is recycled to 
the methanol conversion reactor. The reflux ratio, or ratio of methanol refluxed to methanol recycled 
to the reactor, is 2.5:1. 

(a) Taking as a basis of calculation 100 mol of gas leaving the conversion reactor, draw and com¬ 
pletely label a flowchart of this process. Then calculate the moles of fresh methanol feed, 
formaldehyde product solution, recycled methanol, and absorber off-gas, the kg of steam gen¬ 
erated in the waste-heat boiler, and the kg of cooling water fed to the heat exchanger between 
the waste-heat boiler and the absorber. Finally, calculate the heat (kJ) that must be removed 
in the distillation column overhead condenser, assuming that methanol enters as a saturated 
vapor at 1 atm and leaves as a saturated liquid at the same pressure. 

(b) By what factor must all of the calculated quantities be multiplied to scale the flowchart to a 
production rate of 3.6 X 10 4 metric tons per year of formaldehyde solution, assuming that the 
process is on-stream 350 days per calendar year? 

8.69. The latest weather report states that the temperature is 24°C and the relative humidity is 50%. 

(a) Use the psychrometric chart to estimate the absolute humidity, humid volume, specific enthalpy, 
wet-bulb temperature, and dew-point temperature of the air. 

(b) A thermometer is mounted on the back porch of your house. What temperature would it read? 

(c) A sample of outside air is cooled at constant pressure. At what temperature would condensation 
begin? 

(d) You step out of your neighborhood pool and feel quite cold until you dry off. Explain why. 
Estimate your skin temperature while you were still wet. Explain your answer. What would be 
different if the relative humidity were 98% ? 

8.70. An open vessel containing 0.205 lb m of liquid water is placed in an empty room 5 ft wide, 4 ft deep, 
and 7 ft high, which initially contains dry air at 90°F. All the water evaporates without changing 
the room temperature. Use the psychrometric chart to estimate the final relative humidity, wet-bulb 
temperature, humid volume, dew-point temperature, and specific enthalpy of the room air. Take the 
molecular weight of dry air to be 29.0, and for simplicity, assume the mass of dry air in the room 
stays constant at its initial value. 

8.71. A sling psychrometer is a device to measure the humidity of air. A porous cloth (the wick) is wrapped 
around the bulb of a mercury thermometer, which is then whirled around in the air. As the water 
in the wick evaporates, the temperature of the thermometer bulb drops, and finally stabilizes at 
the wet-bulb temperature of the air. The dry-bulb temperature is read from a second thermometer 
mounted on the sling. 

One summer day, the weather bureau reports a temperature of 33°C and a relative humidity 
of 40%. You wipe the sweat from your forehead and remark to a friend that you’d bet $5 that the 
report is wrong, and the relative humidity is higher than 80%. He immediately puts a $5 bill on the 
table, accepting your challenge. You bring out your sling psychrometer, whirl it around, and read a 
dry-bulb temperature of 35°C and a wet-bulb temperature of 27°C. Who wins the bet? 

8.72. Humid air is enclosed in a 2.00-liter flask at 40°C. The flask is slowly cooled. When the temperature 
reaches 20°C, drops of moisture become visible on the flask wall. Although the pressure in the flask 
changes when the temperature drops, it remains close enough to 1 atm for the psychrometric chart 
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to provide a close representation of the behavior of the system throughout the process. Use the chart 
to solve the following problems. 

(a) What were the relative humidity, absolute humidity, and wet-bulb temperature of the air at 
40°C? 


(b) Calculate the mass of the water in the flask. (See Example 8.4-5.) 

(c) Calculate the enthalpy change in joules undergone by the air in going from 40°C to 20°C. 

(d) Write an energy balance for this closed-system process, taking the wet air in the flask as the sys¬ 
tem, and use it to calculate the heat in joules that must be transferred from the air to accomplish 
the cooling. (Assume ideal gas behavior, so that H = U + RT.) 


8.73. Wet solids pass through a continuous dryer. Hot dry air enters the dryer at a rate of 400 kg/min and 
picks up the water that evaporates from the solids. Humid air leaves the dryer at 50°C containing 
2.44 wt% water vapor and passes through a condenser in which it is cooled to 10°C. The pressure is 
constant at 1 atm throughout the system. 

(a) At what rate (kg/min) is water evaporating in the dryer? 

(b) Use the psychrometric chart to estimate the wet-bulb temperature, relative humidity, dew point, 
and specific enthalpy of the air leaving the dryer. 

(c) Use the psychrometric chart to estimate the absolute humidity and specific enthalpy of the air 
leaving the condenser. 

(d) Use the results of parts (b) and (c) to calculate the rate of condensation of water (kg/min) and 
the rate at which heat must be transferred from the condenser (kW). 

(e) If the dryer operates adiabatically, what can you conclude about the temperature of the entering 
air? Briefly explain your reasoning. What additional information would you need to calculate 
this temperature? 


8.74. On an uncomfortable summer day, the air is at 87°F and 80% relative humidity. A laboratory air 
conditioner is to deliver 1.00 x 10 3 ft 3 /min of air at 55°F in order to maintain the interior air at an 
average temperature of 75°F and a relative humidity of 40%. 

(a) If the vent switch on the air conditioner is turned to the •open” position, outside air enters the 
unit as shown below. 


AIR CONDI HOMER 
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water 


In the air conditioner, the air is cooled to a temperature low enough to condense the neces¬ 
sary amount of water and reheated to 55°F, at which point it has the same absolute humidity 
as the room air. Use the psychrometric chart to estimate the rate (lb ra /min) at which water is 
condensed, the temperature to which the air must be cooled to condense water at this rate, and 
the net tons of cooling required (Q), where 1 ton of cooling = -12,000 Btu/h. [Note: The humid 
volume of the delivered air (at 55°F), which is difficult to read from the psychrometric chart, is 
13.07 ft 3 /lb m dry air, and the heat capacity of liquid water is 1.0 Btu/(lb m -°F).] 

(b) If the vent switch is set to the “closed” position (as it normally would be), inside air would be 
recirculated through the air conditioner as shown in the following diagram. 
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The recycle ratio (ft 3 recirculated/ft 3 exhausted) is 6:1. Calculate the condensation rate and the 
overall cooling requirement in tons if conditioned air is delivered at the same rate, temperature, 
and relative humidity as in part (a). What percentage of the cooling load on the air conditioner 
is saved by recirculating the air? Explain in your own words why the cooling rate is lower when 
room air is recirculated instead of bringing all the air in from the outside. 

(c) An even lower cooling load would be required if all of the air passing through the conditioner 
were recirculated rather than just 6/7 of it, thereby eliminating the need for outside air and 
exhaust. Why would this be a bad idea? (Hint: Think about the people working in the labora¬ 
tory.) 

8.75. Wet wood chips are dried in a continous rotary dryer that operates at atmospheric pressure. The 
chips enter at 19°C with a water content of 40 wt% and must leave with a moisture content of less 
than 15%. Hot air is fed to the dryer at a rate of 11.6 m 3 (STP)/kg wet chips. 

To monitor the performance of the dryer by sampling the exiting chips and determining their 
moisture content directly would be a cumbersome procedure and almost impossible to automate. 
Instead, wet- and dry-bulb thermometers are mounted in both the inlet and outlet air lines, and the 
moisture content of the exiting chips is determined by a material balance. 


Moist air 

rra, T^C) 


Wet chips, 19°C 
40 wt% HjO 


DRYER 


Air, 11.6 m 3 (STP)/kg wet chips 


Chips +• residual moisture 


After the unit goes on-stream, the inlet dry-bulb temperature is found to be 100°C, and the wet-bulb 
temperature is low enough so that the moisture content of the air may be neglected. The dry-bulb 
temperature of the exiting air is found to be 38°C, and the wet-bulb temperature is 29°C. 

(a) Use the psychrometric chart to calculate the absolute humidity (kg H 2 0/kg dry air) and specific 
enthalpy (kJ/kg dry air) of the outlet air stream. Then calculate the mass of water in the exiting 
air per kilogram of wet chips fed, assuming dry air has a molecular weight of 29.0. 

(b) Calculate the moisture content of the emerging chips and determine whether the design speci¬ 
fication of less than 15% H 2 0 has been achieved. 

(c) If the unit is operating adiabatically and the heat capacity of the dry chips is 2.10 kJ/(kg-°C), what 
is the exit temperature of the chips? (In estimating the specific enthalpy of the entering air. recall 
that the reference temperature for dry air used in constructing the psychrometric chart of Figure 
8.4-1 is 0°C.) 

8.76. Air at 45°C (dry bulb) and 10% relative humidity is to be humidified adiabatically to 60% relative 
humidity. 

(a) Use the psychrometric chart to estimate the adiabatic saturation temperature of the air. 

(b) Estimate the final temperature of the air and the rate at which water must be added to humidify 
15 kg/min of the entering air. (See Example 8.4-7.) 

8.77. Air at 50°C with a dew point of 4°C enters a textile dryer at a rate of 11.3 m 3 /min and leaves saturated. 
The dryer operates adiabatically. Use the psychrometric chart to determine the absolute humidity 
and humid volume of the entering air, and then use the results to determine the flow rate of dry air 
(kg/min) through the dryer, the final temperature of the air, and the rate (kg/min) at which water is 
evaporated in the dryer. (Hint: Refer to Section 8.4e.) 

8.78. A solution of sugar in water is to be concentrated from 5 wt% sugar to 20% sugar. The solution 
is at about 45°C when it is fed continuously to a bubble column. Air at 45°C with a dew point of 
4°C is bubbled through the column and emerges saturated. The hu m idification of the air may be 
considered adiabatic. (See figure on next page.) Use the psychrometric chart to solve the following 
problems: 

(a) What are the absolute humidities of the entering and exiting air? 

(b) How many kilograms of dry air must be fed per kilogram of the entering sugar solution? What 
is the corresponding volume of the entering wet air? (Use the chart for the latter problem as 
well.) 




Problems 433 


Air, saturated with water 



• 

Equipment 

Encyclopedia 

heat 

exchanger, 

humidifier 


• 

Equipment 

Encyclopedia 

humidifier 


8.79. Cold air at 20°F, 760 mm Hg pressure, and 70% relative humidity is conditioned by being passed 
through a bank of heating coils, then through a water spray, and finally through a second set of 
heating coils. In passing through the first coil bank, the air is heated to 75°F. The temperature of the 
water supplied to the spray chamber is adjusted to the wet-bulb temperature of the air admitted to 
the chamber, so that the humidifying unit may be assumed to operate adiabatically. It is required that 
the air emerging from the conditioning unit be at 70°F and 35% relative humidity. Use Figure 8.4-2 
to solve the following problems. 

(a) Calculate the temperature of the water supplied to the spray chamber and the relative humidity 
and dry-bulb temperature of the air leaving the spray chamber. 

(b) Calculate the mass of water evaporated (lb m ) per cubic foot of air fed to the conditioning unit. 

(c) Calculate the required heat transfer rates (Btu/ft 3 entering air) in each of the heating coil banks. 

(d) Sketch a psychrometric chart and show the path followed by the air in each of the three steps 
of this process. 

8.80. Spray cooling is a technique for cooling and either humidifying or dehumidifying air by contacting 
it with a liquid water spray. 


Inlet water 
7*o <°C) 



Inlet water 


7*o (°C) 



removed 

DEHUMIDIFICATION 


The liquid water leaving the tower is recirculated and, in the case of dehumidification, cooled before 
reentering the tower. 

Two possible paths on the psychrometric chart corresponding to two different entering liquid 
temperatures are shown below. On the chart, To and 7j p are the entering air dry-bulb temperature 
and dew point, respectively. 
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Path (A): The entering liquid temperature (T^o) is above the dew point of the entering air. Liquid 
water evaporates into the superheated air. causing the absolute humidity of the air to increase (the 
path rises) and both the evaporation and the contact with the cold liquid cause the air temperature 
to decrease (the path moves to the left). 

Path (S): The entering liquid temperature is below the dewpoint of the entering air. The temperature 
of the air contacted by the cold spray drops below the dew point (the path again moves to the left), 
and water vapor condenses out of the air (the path moves down). 

We thus arrive at the interesting conclusion that you can remove water from air by spraying water 
into the air, provided that the entering liquid temperature is below the dew point of the entering air. 
Use the psychrometric chart to solve the following spray cooling problems. 

(a) A spray tower is used to cool and humidify air with dry-bulb and wet-bulb temperatures of 40°C 
and 18°C, respectively. The air emerges from the tower at 20°C. The tower operation is such that 
the air follows an adiabatic humidification curve (a constant wet-bulb temperature line on the 
psychrometric chart). How much water must be added as makeup per kg of dry air treated? 

(b) A stream of air at 37°C and 50% relative humidity flowing at a rate of 1250 kg/h is to be cooled to 
15°C and dehumidified in a spray tower. The air is saturated as it emerges from the tower. Liquid 
water leaves the tower at 12°C; some is withdrawn, and the rest is cooled and recirculated. No 
heat is transferred between the tower and its surroundings. Calculate the rate (kg/h) at which 
water must be withdrawn from the recirculation loop and the heat duty on the cooler (kW). 
( Suggestion: Use an overall energy balance for the latter calculation.) 

8.81. The heat of solution of ammonia in water at 1 atm is 

M 5 (25°C, r = 2 mol H 2 0/mol NH 3 ) = -78.2 kj/mol 

Calculate the enthalpy change that accompanies the dissolution of 400 mol of NH 3 in 800 mol of 
water at 25°C and 1 atm. 

8.82. Use Table B.ll to determine the specific enthalpy (kJ/mol HC1) of hydrochloric acid containing 
1 mol HC1/5 mol H 2 0 at 25°C relative to: 

(a) HCl(g) and H 2 0(1) at 25°C. 

(b) H 2 0 (l) and an infinitely dilute HC1 solution at 25°C. (Note Equation 8.5-2.) 

8.83. Sodium hydroxide is dissolved in enough water to make up a 20.0 mole% solution. If the Na.OfJjnd 
water are initially at 77°F (25°C), how much heat (Btu/lb product solution) must be removed for the 
solution also to be at 77°F. Assume the process is carried out at constant pressure, so that Q = AH, 
and use Table B.ll to evaluate AH % . 

8.84. A sulfuric acid solution is labeled 8N (where IN = 1 g-equivalent /L, and 1 mol of H 2 S0 4 contains 
two g-equivalents). The specific gravity of the solution is 1.230, and its heat capacity is 3.00 J/(g-°C). 
Calculate the specific enthalpy of this solution (in kJ/mol H 2 S0 4 ) at 60°C relative to pure H 2 0 and 
an infinitely dilute solution at 25°C. 

8.85. You are about to dilute 2.00 mol of 100% sulfuric acid with enough water to produce a 30 mole% 
aqueous solution. The acid and water are initially at 25°C. 

(a) How much heat would have to be removed to keep the final solution at 25°C? 

(b) Suppose the flask has a mass of 150 g, and that the heat capacity of the flask and its contents 
is 3.30 J/(g-°C). If the flask is sufficiently insulated to be considered adiabatic, what will be the 
final solution temperature? 

8.86. An 8-molar hydrochloric acid solution [SG = 1.12, C p — 2.76 J/(g-°C)] is produced by absorbing 
hydrogen chloride [HCl(g)] in water. Liquid water enters the absorber at 25°C and gaseous HC1 is 
fed at 20°C and 790 torr (absolute). Essentially all of the HC1 fed to the column is absorbed. Take 
one liter of product solution as a basis of calculation. 

(a) Estimate the volume (liters) of HC1 that must be fed to the absorber. 

(b) Estimate the heat (kJ) that must be transferred from the absorber if the product solution is to 
emerge at 40°C. 

(c) Estimate the final solution temperature if the absorber operates adiabatically. 

8.87. A 0.1 mole% caustic soda (NaOH) solution is to be concentrated in a continuous evaporator. The 
solution enters the unit at 25°C at a rate of 150 mol/min and is concentrated to 5 mole% at 50°C. 
Hot dry air at 200°C and 1.1 bar absolute is bubbled through the evaporator and leaves saturated 
with water at 50°C and 1 atm. Calculate the required volumetric flow rate of the entering air and the 
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rate at which heat must be transferred to or from the unit. Assume that the heat capacity per unit 
mass of all liquid solutions is that of pure water. 

8.88. Water is added to pure sulfuric acid in a well-insulated flask initially at 25°C and 1 atm to produce 
a 4.00-molar sulfuric acid solution (SG = 1.231). The final temperature of the product solution is 
to be 25°C, so that the water added must be chilled liquid (T < 25°C), or a mixture of liquid water 
and ice. Take as a basis of calculation one liter of the product solution and assume Q = AH for the 
process. If you need to know the heat capacity of ice, take it to be half that of liquid water. 

(a) If only liquid water is added, what masses (g) of H 2 S0 4 and H 2 0 should be mixed and what 
should be the initial temperature of the water? 

(b) If a mixture of liquid water and ice is added, how many grams of each should be fed? 

8.89. Ortho-phosphoric acid (H 3 P0 4 ) is produced as a dilute aqueous solution that must be concentrated 
before further use. In one facility, 100 tons/day of a 28 wt% P 2 Oj solution [see part (a) of this prob¬ 
lem] at 125°F is to be concentrated in a single evaporator to 42 wt% P 2 O s . Heat is supplied to the 
evaporator by condensing saturated steam at 27.5 psia. The evaporator is to operate at 3.7 psia, and 
there is a boiling point elevation of 37°F for the 42 wt% P 2 0 5 solution in the evaporator (see Section 
6.5c). The heat of solution of H 3 P0 4 at 77°F may be taken to be -5040 Btu/lb-mole H 3 P0 4 relative 
to H 3 P0 4 (1) and H 2 0(1). The heat capacity of the 28% solution is 0.705 Btu/(Ib m -°F) and that of the 
42% solution is 0.583 Btu/(lb m -°F). 

(a) It is conventional for the compositions of phosphoric acid solutions to be expressed in terms 
of wt% P 2 Os. Write the stoichiometric equation for the formation of ortho-phosphoric acid 
(MW = 98.00) from phosphorus pentoxide (MW = 141.96), and use it to derive the expres¬ 
sion 


wt% H 3 PO 4 = 1.381(wt% P 2 0 5 ) 
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(b) Calculate the ratio (lb m water evaporated/lb m feed solution). 

(c) Suppose the water evaporated is subsequently condensed at a constant pressure of 3.7 psia. De¬ 
termine the condensate flow rate in gal/min. How much heat (Btu/min) can be recovered through 
condensation of this water? At what temperature is this heat available? (To put it another way, 
if this heat were to be transferred to another stream, what is an upper bound on the temperature 
of that stream?) 

(d) How much steam (lb m /h) must be supplied to the system to evaporate the required amount of 
water? Recast your answer in terms of lb m steam per lb m water evaporated. 

8.90. Two hundred kilograms per hour of an aqueous solution containing 20.0 mole% sodium acetate 
(NaC 2 H 3 0 2 ) enters an evaporative crystallizer at 60°C. When the solution is exposed to the low 
pressure in the evaporator, 16.9% of the water evaporates, concentrating the remaining solution 
and causing crystals of sodium acetate trihydrate (NaC 2 H 3 0 2 -3 H 2 0) to form. The product is an 
equilibrium mixture of crystals and a saturated aqueous solution containing 15.4 mole% NaC 2 H 3 0 2 . 
The effluents (crystals, solution, and water vapor) are all at 50°C. 

(a) Calculate the feed rate to the crystallizer in kmol/h. 

(b) Calculate the production rate (kg/h) of trihydrate crystals and the mass flow rate (kg/h) of the 
liquid solution in which the crystals are suspended. 

(c) Estimate the rate (kJ/h) at which heat must be transferred to or from the crystallizer (state 
which), using the following physical property data: 

(Cf>)all solutions = 3.5 kJ/(kg-°C) 

(Cp)etysuls = 1.2 kJ/(kg'°C) 

(Cp) h 2 o(v) - 32.4 kJ/(kmol°C) 

(A# v )h 2 o = 4.39 X 10 4 kj/kmol 
Heat of solution of anhydrous sodium acetate: 

AH 5 (25°C) = -1.71 x 10 4 kJ/kmol NaC 2 H 3 0 2 
Heat of hydration: NaC 2 H 3 0 2 (s) + 3 H 2 0(1) — NaC 2 H 3 0 2 -3 H 2 0(s) 

AH(25°C) = -3.66 x 10 4 kj/kmol NaC 2 H 3 0 2 

8.91. Fifty milliliters of 100% H 2 S0 4 at 25°C and 84.2 mL of liquid water at 15°C are mixed. The heat 
capacity of the product solution is 2.43 J/(g-°C). Estimate the maximum temperature attainable by 
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the product solution and state the conditions under which this temperature would be attained, using 
heat of mixing data from Table B. 11, 

8.92. Suppose m A (g) of species A {molecular weight M A , heat capacity C pA fJ/(g-°C)]} at temperature 
Tao (°C) and m B (g) of species B (M 0 , C pB ) at temperature f B o are mixed adiabatically. The heat of 
mixing of A and B at 25°C is A// m (r) (J/mol A in solution), where r = (m B / M%)/{m A / M A ). The heat 
capacity of the product solution is C^[J/(g-°C)]. All heat capacities may be considered independent 
of temperature. 

(a) Derive an expression for r max , the highest temperature attainable by the product solution, in 
terms of the other quantities defined. State the conditions that would have to be met for this 
temperature to be approached. 

(b) Use your expression to estimate T max for a process in which 100.0 g of sodium hydroxide at 25°C 
and 225.0 g of water at 40°C are combined to form a product solution with a heat capacity of 
3.35 J/(g-°C). 

8.93. One g-mole of pure liquid sulfuric acid at temperature T 0 (°C) is mixed with r g-moles of liquid water, 
also at temperature 7o(°C), in an adiabatic container. The final solution temperature is T s {° C), The 
mass heat capacities of the pure acid, pure water, and the product solution [J/(g-°C)J are C pi , C^, 
and C ps , respectively, all of which may be taken to be constant (independent of temperature). 

(a) Without doing any calculations, sketch the plot of T % versus r you would expect to obtain for r 
varying between 0 and ». {Hint: Think first about what you would expect T s to be at the extreme 
values of r.) 

(b) Use an energy balance to derive an expression for T % in terms of the initial acid and wa¬ 
ter temperatures, the heat capacities, the water/acid mole ratio (r), and the heat of mixing 
A H m (r, 25 °C) (kJ/mol H 2 S0 4 ). 

*(c) A series of 1.00 mol samples of pure liquid sulfuric acid are added to 11 insulated flasks contain¬ 
ing varying amounts of water. The quantities of water in the flasks and the mass heat capacities 
of the product solutions are tabulated below: 


r (mol H 2 0) 

0.5 

1.0 

1.5 

2.0 

3.0 

4.0 

5.0 

10.0 

25.0 

50.0 

100.0 

Cp [J/(g °c>] 

1.58 

1.85 

1.89 

1.94 

2.10 

227 

2.43 

3.03 

3.56 

3.84 

4.00 


The heat capacities of pure sulfuric acid and pure water may be determined from the molar heat 
capacities in Table B.2 evaluated at 25°C. All heat capacities should be taken to be independent 
of temperature. 

Unfortunately, the laboratory air conditioner has been out of order for three weeks (Physi¬ 
cal Plant promises they will get to it any day now) and the temperature on the July afternoon of 
the experiment (which also equals the initial acid and water temperatures) is an uncomfortable 
40°C. Write a spreadsheet to generate a table and then a plot of I s , the final temperature in each 
flask, versus r , the water/acid mole ratio of the solution in the flask. {Suggestion: Make the r axis 
logarithmic.) Assume that mixing is adiabatic. 

(d) The actual experimental plot of T s versus r would lie below the one determined in part (c). 
Why? 

*8.94. A stirred tank with volume V t (L) is charged with V t (L) of a liquid, B. The space above the liquid 
(volume V g = V t - V)) is filled with a pure gas. A, at an initial pressure P 0 (atm). The initial system 
temperature is T 0 (K). The stirrer in the tank is turned on, and A begins to dissolve in B. The dissolu¬ 
tion continues until the liquid is saturated with A at the final system temperature (T) and pressure 

(P). 

The equilibrium solubility of A in B is governed by the following expression, which relates the 
molar A/B ratio in the liquid to the partial pressure of A in the gas phase (which in turn equals the 
pressure in the tank, since the gas is pure A): 


where 


r(mol A/mol B) = fc s p A (atm) 
fc s [mol A/(molBatm)] = c 0 + ciT(K) 


'Computer problems. 
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When solving the problems to be given, use the following variable definitions: 

• M A , M b = molecular weights of A and B 

• C„ A , C v b, C vS [J/(g-K)) =constant-volume heat capacities of A(g), B(l), and solutions of A in B. 
respectively 

• SG 0 = specific gravity of B(l) 

• Af/ S (J/mol A dissolved) = internal energy of solution at 298 K (independent of composition over 
the range of concentrations to be considered) 

• «ao> «bo = g-moles of A(g) and B(l) initially charged into the tank 

• «A(i), «a{v) = g-moles of A dissolved and remaining in the gas phase at equilibrium, respectively 

Make the following assumptions: 

• A negligible amount of B evaporates. 

• The tank is adiabatic and the work input to the tank from the stirrer is negligible. 

• The gas phase behaves ideally. 

• The volumes of the liquid and gas phases may be considered constant. 

• The heat capacities C„ A , C vB , and C„ are constant, independent of temperature and (in the case 
of C m ) solution composition. 

(a) Use material balances, the given equilibrium solubility relation, and the ideal gas equation of 
state to derive expressions for n A0 , n B o, n Myh n m , and P in terms of the final temperature. T. 
and variables M A , M B , SGb, V u V), To, Pq, cq, and cj. Then use an energy balance to derive the 
following equation: 

T = 298 + (^aq^aCca + nBoMBC,B)(To — 298) 

n Mv) M A C vA + (« A (i)Af A {j) + n B M B )C n 

(b) Write a spreadsheet to calculate T from specified values of M A (= 47). A/b(= 26).SG B ( - l.~6). 
T t (= 20.0), V,(= 3.0), c 0 (= 1.54 x 10~ 3 ), c,(= -1.60 x 10" 6 ). C rA {- 0.831). C 9 (= 5.551. 
C w (= 3.80), and A(/ s (= —1.74 X 10 3 ). and a number of different values of 71. and P .. The 
spreadsheet should have the structure given below. (Calculated values are shown for one initial 
temperature and pressure.) 


i Problem 8.94 





r- - —— - 








! vt 

MA 

CvA 

MB 

CvB 

SGB 

c0 cl DUs Cvs 

1 20.0 

1 

47.0 

0.831 

26.0 

3.85 

1.76 

0.00154 : -1.60E-06 -174000 3.S0 

1 






j 

i 

V1 

TO 

P0 

Vg 

nBQ 

nAO 

T nA(v) nA(l) P Teak 

3.0 

300 

1.0 





| 3.0 

300 

5.0 





; 3.0 

300 

10.0 

17.0 

203.1 

6.906 

320.0 ‘ 5.222 1.684 8.1 31 42 

3.0 

300 

20.0 





3.0 

330 

1.0 





3.0 

330 

5.0 





3.0 

330 

10.0 




‘ 

3.0 

330 

20.0 






The values of V g , « B0) and « A o should first be calculated from the given values of the other 
variables. Next, a value of T should be guessed (in the example in the table, the guessed value 
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is 320 K), the values of n A(v) , /i A (i), and P should be calculated from the equations derived in part 

(a) , and the temperature should be recalculated from the energy balance in the column labeled 
Taic (it equals 314.2 in the example). The value of T should then be varied until it equals the 
recalculated value of 7^. ( Suggestion: Create a new cell as T - T C3k and use goalseek to find 
the value of T that drives T - T ak to zero.) 

Enter the formulas in the cells for V, = 3.0 L, T 0 = 300 K, and P 0 = 10.0 atm, and ver¬ 
ify that your cell values match those shown above. Then find the correct value of T using 
the procedure just described, copy the formulas into the other rows of the table, and deter¬ 
mine T for each set of initial conditions. Summarize the effects of the initial temperature 
and pressure on the adiabatic temperature rise and briefly explain why your results make 
sense. 

(c) Write a computer program to perform the same calculations done with the spreadsheet in part 

(b) . 

• Define values of V u M A , C vA , M B , C„b, SG b , c 0 , c x , &0 s , and C m . Use the values shown in the 
fourth row of the spreadsheet. 

• Read in a set of values of V B , To, and P 0 . Have the program terminate if V B < 0.0. 

• If a positive value is read in for V B , calculate V a , n B , and n A0 . 

• Assume a value of T. (Try 1.1 T 0 as a first guess.) 

• Calculate n A(v) , n A(1) , and P from the equations derived in part (a), then recalculate T from 
the energy balance. Print out the values of T (assumed), P, n A(v) , n M!) , and T (recalculated). 

• If the assumed and recalculated values of T are within 0.01 K of each other, end the loop and 
go back to read the next set of input variables. If they are not and more than 15 iterations have 
been performed, terminate with an error message. Otherwise, repeat the previous step, using 
the recalculated value of T as the assumed value for this iteration. 

Run the program for the eight sets of conditions shown in the spreadsheet table. 

8.95. An aqueous solution containing 85.0 wt% H 2 SO 4 at 60°F (specific gravity = 1.78) is diluted with 
pure liquid water at the same temperature. The feed solution volume is 350 mL. The mixing may be 
considered adiabatic, and the pressure is constant at 1 atm. 

(a) The product solution is to contain 30.0 wt% H 2 S0 4 . Calculate the volume (mL) of water needed 
for the dilution, ideally using a single-dimensional equation. 

(b) Use the enthalpy-concentration chart of Figure 8.5-1 to estimate the specific enthalpies (Btu/lb m ) 
of the feed solution and the water. Then write an energy balance on this closed system constant- 
pressure process and solve it for the specific enthalpy of the product solution. Finally, use Figure 
8.5-1 to verify your calculated value of H prodwt and to estimate the product solution temperature. 
(See Example 8.5-3.) 

(c) Use Figure 8.5-1 to estimate the maximum temperature that could be attained by mixing the 
feed solution with pure water and the concentration (wt% H 2 S0 4 ) of the product solution. 

(d) Good laboratory practice calls for adding add to water when carrying out dilutions rather than 
vice versa. Use Figure 8.5-1 to justify this rule for the dilution of the feed solution in this problem. 

8.96. Aqueous sulfuric acid solutions containing 15.0 wt% H 2 SO 4 and 80.0 wt% H 2 SO 4 are mixed to form 
a 60.0 wt% product solution. The 15% solution was in a laboratory in which the temperature was 
77°F. The 80% solution had just been taken from a storage cabinet in an air-conditioned stockroom 
and was at a temperature of 60°F when the mixing occurred. 

(a) The mass of the 15% solution is 2.30 lb m . What mass of 60% solution should be weighed out? 

(b) Use Figure 8.5-1 to estimate the product solution temperature if the mixing is adiabatic. (See 
Example 8.5-3.) 

(c) The product solution temperature eventually drops to (77°F). How much heat (Btu) is trans¬ 
ferred from the solution to the laboratory air in this constant-pressure cooling process? 

(d) Which would be safer—adding the 15% solution slowly to the 80% solution or vice versa? Use 
Figure 8.5-1 to justify your answer. 

8.97. You have analyzed an aqueous ammonia solution and find that it contains 30 wt% NH 3 . 

(a) Use Figure 8.5-2 to determine the mass fraction of NH 3 in the vapor that would be in equilibrium 
with this solution in a closed flask at 1 atm and the corresponding system temperature. 

(b) If the liquid phase in part (a) accounts for 90% of the total system mass, calculate the overall 
system composition and specific enthalpy using balances. (See Example 8.5-3.) 
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8.98. An NH 3 -H 2 O mixture containing 60 wt% NH 3 is brought to equilibrium in a closed container at 
140°F. The total mass of the mixture is 250 g. Use Figure 8.5-2 to determine the masses of ammonia 
and of water in each phase of the system. 

8.99. An ammonia solution at a high pressure is flash-vaporized at a rate of 200 lb m /h. The solution con¬ 
tains 0.70 lb m NH 3 /lb m , and its enthalpy relative to H 2 0(1,32°F) and NH 3 (1, -40°F) is -50 Btu/lb m . 
Liquid and gas streams emerge from the unit at 1 atm and 80°F. Use Figure 8.5-2 to determine the 
mass flow rates and ammonia mass fractions of the vapor and the liquid product streams and the 
rate (Btu/h) at which heat must be transferred to the vaporizer. (See Example 8.5-4.) 
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Consider the familiar reaction in which water is formed from hydrogen and oxygen: 
2H 2 (g) + 0 2 (g) — 2H 2 0 (v) 

On the molecular level, the reaction might be depicted as follows: 



Each time this reaction takes place, three chemical bonds are broken (two between hydrogen 
atoms and one between oxygen atoms) and four bonds are formed among the atoms of the two 
water molecules. As it happens, more energy is released when the water molecule bonds form 
than it takes to break the hydrogen and oxygen molecule bonds. For the reactor temperature 
to remain constant, the net energy released (about 250 kJ per mol of water formed) must be 
transferred away from the reactor; otherwise it can raise the reactor temperature by several 
thousand degrees. 

In any reaction between stable molecules, energy is required to break the reactant chemical 
bonds and energy is released when the product bonds form. If the first process absorbs less 
energy than the second process releases (as in the water formation reaction), the reaction is 
exothermic: the product molecules at a given temperature and pressure have lower internal 
energies (and hence lower enthalpies) than the reactant molecules at the same temperature 
and pressure. The net energy released—the heat of reaction—must be transferred from the 
reactor as heat or work, or else the system temperature increases. On the other hand, if less 
energy is released when the product bonds form than it took to break the reactant bonds, the 
reaction is endothermic: energy must be added to the reactor as heat or work to keep the 
temperature from decreasing. 

The large internal energy and enthalpy changes commonly associated with chemical reac¬ 
tions can play major roles in the design and operation of chemical processes. If a reaction is 
endothermic, the energy needed to keep the reactor temperature (and hence the reaction rate) 
from dropping too much may cost enough to turn a profitable process into an unprofitable one. 
On the other hand, if the reaction is exothermic, heat usually must be transferred away from 
the reactor to keep the temperature below a value that leads to safety or product quality prob¬ 
lems. The heat transferred may be an asset, as when the reactor is a combustion furnace and the 
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heat is used to generate steam in a boiler. It may also be a liability: for example, a momentary 
failure of the reactor temperature control system can lead to rapid overheating and possibly 
an explosion. 

An energy balance on a reactor tells the process engineer how much heating or cooling 
the reactor requires in order to operate at the desired conditions. In this chapter we show how 
enthalpy changes that accompany chemical reactions are determined from tabulated physical 
properties of the reactants and products and how calculated enthalpies of reaction are incor¬ 
porated in energy balances on reactive processes. 

TEST !* Explain in your own words the concepts of exothermic and endothermic reactions. The 

YOURSELF terms “chemical bonds” and “heat of reaction” should appear in your explanation. 

(Answers, p. 660) 2 * The following two sentences seem to contain a self-contradiction. 

In an exothermic reaction, the products are at a lower energy level than the 
reactants. However, if the reactor is not cooled, the products are hotter than the 
reactants which means they must be at a higher energy level than the reactants. 

Identify the logical error in this paragraph. 

CREATIVITY EXERCISE 

Suppose an exothermic reaction takes place in a continuous reactor. Think of several ways the 
heat of reaction might be removed, illustrating your suggestions with sketches. (For example, 
pass a cold fluid through a hollow metal tube immersed in the reactor, so that heat is transferred 
from the hot reacting fluid to the coolant.) 

9.0 INSTRUCTIONAL OBJECTIVES 

After completing this chapter, you should be able to do the following: 

• Explain in your own words the concepts of heat of reaction; exothermic and endothermic 
reactions; heat of formation; combustion; heat of combustion; standard heats of formation, 
combustion, and reaction; heating value of a fuel; adiabatic flame temperature; ignition tem¬ 
perature; ignition lag; lower and upper flammability limits and flash point of a fuel; a flame; 
blue and yellow flames; flashback; and detonation. 

• Given (a) the amount of any reactant consumed or any product generated in a reaction at 
a given temperature and pressure and (b) the heat of the reaction at that temperature and 
pressure, calculate the total enthalpy change. 

• Determine a heat of reaction from heats of other reactions using Hess’s law. Determine stan¬ 
dard enthalpies and internal energies of reaction from known standard heats of formation 
and heats of combustion. 

• Write and solve an energy balance on a chemical reactor using either the heat of reaction 
method (taking reactant and product species as references for enthalpy calculations) or the 
heat of formation method (taking elemental species as references), and specify which method 
is preferable for a given process. Write the process path implicitly adopted when each method 
is used. 

• Solve reactive-system energy balance problems for (a) the heat transfer required for specified 
inlet and outlet conditions, (b) the outlet temperature corresponding to a specified heat input 
( e -g-> for an adiabatic reactor), and (c) the product composition corresponding to a specified 
heat input and a specified outlet temperature. 

• Solve energy balance problems for processes involving solutions for which heats of solution 
are significant. 

• Convert a higher heating value of a fuel to a lower heating value and vice versa. 
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9.1 HEATS OF REACTION 


Consider the reaction between solid calcium carbide and liquid water to form solid calcium 
hydroxide and gaseous acetylene: 

CaC 2 (s) + 2H 2 0(1) —* Ca(OH) 2 (s) + C 2 H 2 (g) (9.1-1) 

The expression stoichiometric quantities of reactants means molar amounts of the reactants 
numerically equal to their stoichiometric coefficients. For the calcium carbide reaction, stoi¬ 
chiometric quantities of the reactants in the SI system of units would be 1 mol of CaC 2 (s) and 
2 mol of H 2 0(1). If stoichiometric quantities of the reactants are fed and the reaction proceeds 
to completion, both reactants would be completely consumed and stoichiometric quantities of 
the products would be formed. (Convince yourself.) 

The heat of reaction (or enthalpy of reaction), A H r (T, P), is the enthalpy change for a pro¬ 
cess in which stoichiometric quantities of reactants at temperature T and pressure P react com¬ 
pletely in a single reaction to form products at the same temperature and pressure. For example, 
the heat of the calcium carbide reaction at 25°C and 1 atm is 


A// r (25°C, 1 atm) = -125.4 kJ/mol (9.1-2) 

Equations 9.1-1 and 9.1-2 together signify that if 1 mol of solid calcium carbide reacts com¬ 
pletely with 2 mol of liquid water to form 1 mol of solid calcium hydroxide and 1 mol of gaseous 
acetylene, and the initial and final temperatures are both 25°C and the initial and final pressures 
are both 1 atm, then //products “ //reactants = -125.4 kJ. If the reaction is run under conditions 
such that the energy balance reduces to Q = A H, then 125.4 kJ of heat must be transferred 
from the reactor in the course of the reaction. (Recall that a negative Q implies flow of heat 
out of the system.) 

The units of A H T often cause confusion. For example, if the heat of a reaction is reported 
to be -50 kJ/mol, you might ask “per mol of what?” This difficulty is avoided if you recall that 
the given A H t applies to stoichiometric quantities of each species. For example, 

2A + B -* 3C: A// r (100°C, 1 atm) = -50 kJ/mol 
means that the enthalpy change for the given reaction is 

-50 kJ = -50 kJ = -50 kJ 

2 mol A consumed 1 mol B consumed 3 mol C generated 


If you knew, say, that 150 mol of C/s was generated in the given reaction at 100° C and 1 atm, 
you could calculate the associated enthalpy change as 


-50 kJ 

150 mol C generated 

3 mol C generated 

s 


-2500kJ/s 


More generally, if v A is the stoichiometric coefficient of a reactant or reaction product A 
(positive if A is a product, negative if it is a reactant) and n A l moles of A are consumed or 
generated at T = T 0 and P = Pq, then the associated enthalpy change is 


AH = 


- A// r (7o, P o) 


I^aI 


n A,r 


In Chapter 4, we defined the extent of reaction, as a measure of how far a reaction has pro¬ 
ceeded. From Equation 4.6-3, this quantity is 

l^A. out ~ TAinl __ ttA.r 

I^aI M 


f = 


(9.1-3) 


From the preceding two equations, it follows that if a reaction takes place at a temperature To 
and pressure Pq and the extent of reaction is £, the associated enthalpy change is 


A H = f AH r (T 0 , P Q ) 


(9.1-4) 
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For a continuous process, n Ajr (mol) would be replaced by «A,r(mol/s) in this expression, £(mol) 
would be replaced by £( mol/s), and A//(kJ) would be replaced by A//(kJ/s), 

Following are several important terms and observations related to heats of reaction. 

1* If A/? r (7\P) is negative the reaction is exothermic at temperature T and pressure P, and if 
A Hr(T,P) is positive the reaction is endothermic at T and P . These definitions of exother¬ 
mic and endothermic are equivalent to the ones given earlier in terms of chemical bond 
strengths. (Convince yourself.) 

2. At low and moderate pressures, A H t (T, P) is nearly independent of pressure. We will pre¬ 
sume this independence in the balance of this chapter and write the heat of reaction as 
A HfT). 

3. The value of the heat of a reaction depends on how the stoichiometric equation is written. 
For example, 

CH 4 (g) + 2 0 2 (g) — C0 2 (g) + 2 H 2 0(1): Atf rl (25°C) = -890.3 kJ/mol 
2 CH 4 (g) + 4 O a (g) — 2 C0 2 (g) + 4H 2 0(1): Atf r2 (25°C) = -1780.6 kJ/mol 
This result should seem reasonable to you if you look back at the definition of A H r . The 
first line states that the combined enthalpy of 1 gram-mole of CO? plus 2 gram-moles of 
liquid water is 890.3 kJ lower than the combined enthalpy of 1 gram-mole of methane plus 
2 gram-moles of oxygen at 25°C. Doubling the quantity of reactants at a given condition 
doubles the total enthalpy of the reactants at that condition, and similarly for the products. 
The difference between the product and reactant enthalpies in the second reaction (by def¬ 
inition. A H r2 ) must therefore be double the enthalpy difference in the first reaction (Ajf? rl ). 

4. The value of a heat of reaction depends on the states of aggregation (gas, liquid, or solid) 
of the reactants and products. For example, 

CH 4 (g) + 2 0 2 (g) — C0 2 (g) + 2H 2 0(1): Atf r (25°C) = -890.3 kJ/mol 
CH 4 (g) + 2 0 2 (g) — C0 2 (g) + 2 H 2 0(g): A// r (25°C) = -802.3 kJ/mol 

The only difference between the reactions is that the water formed is a liquid in the first 
one and a vapor in the second. Since enthalpy is a state function, the difference between 
the two heats of reaction must be the enthalpy change associated with the vaporization 
of 2 mol of water at 25°C—that is, 2A// V (25°C). 

5. The standard heat of reaction, A H°, is the heat of reaction when both the reactants and 
products are at a specified reference temperature and pressure, usually (and always in this 
text) 25°C and 1 atm. 

Calculation of Heats of Reaction 

1. The standard heat of the combustion of n-butane vapor is 

QHio(g) + f0 2 (g) —> 4C0 2 (g) + 5H 2 0(1): AH? = -2878 kJ/mol 

Calculate the rate of enthalpy change, AH(k J/s), if 2400 mol/s of C0 2 is produced in this reac¬ 
tion and the reactants and products are all at 25°C. 

2. What is the standard heat of the reaction 

2 C 4 H l0 (g) + 13 0 2 (g) —> 8C0 2 (g) 4- 10H 2 O(l) 

Calculate AH if 2400 mol/s of C0 2 is produced in this reaction and the reactants and products 
are all at 25°C. 

3. The heats of vaporization of n-butane and water at 25°C are 19.2 kJ/mol and 44.0 kJ/mol. re¬ 
spectively. What is the standard heat of the reaction 

C 4 H V o(l) + f 0 2 (g) —► 4C0 2 (g) + 5H 2 0(v) 

Calculate AH if 2400 mol/s of C0 2 is produced in this reaction and the reactants and products 
are all at 25 <5 C. 
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SOLUTION 


1. From Equation 9.1-3, 

^ («co 2 ) r 2400 mol/s 

£ = —*4- = --- = 600 mol/s 

kco,i 4 

Equation 9.1-4 

AH = £AH° = jfiOO Y--2878 j = -1-73 X 10 6 kJ/s 

2. Since doubling the stoichiometric coefficients of a reaction must double the heat of reaction, 

AH° a = 2AH° X = 2(-2878kJ/mol) = -5756 kJ/mol 

The enthalpy change associated with the production of 2400 mol/s of CO 2 at 25°C cannot de¬ 
pend on how the stoichiometric equation is written (the same quantities of reactants and prod¬ 
ucts at the same temperatures must have the same enthalpies), and so AH must be the value 
calculated in part (a). Let us do the calculation and prove it, however. From Equation 9.1-3, 


£ = 


(htxQoui 

l v co 2 l 


2400 mol/s 


= 300 mol/s 


Equation 9.1-4 


AH = £ AH° = (300 ^V-5756 ^ 


-1.73 x 10 6 kJ/s 


3. Compare the two reactions: 

GtHio(g) + y 02 (g) — 4 C0 2 (g) + 5 H 2 0(1): (SH° X ) = -2878 kJ/mol 
C 4 H, 0 (1) + f 0 2 (g) — 4C0 2 (g) + 5 H 2 0(v): (Ati%) = ? 


The total enthalpy of the products in the second reaction [4 mol C0 2 (g) + 5 mol H 2 0(g) at 
25°C] is greater than that of the products in the first reaction [4 mol C0 2 (g) + 5 mol H 2 0(1) 
at 25°C] by five times the heat of vaporization of water. Similarly, the total enthalpy of the 
reactants in the second reaction is lower than that of the reactants in the first reaction by the 
heat of vaporization of butane. (Why?) Since AH r = //products ~ H K&ctmKl it follows that 


(A H° 2 ) ~ (AH r °i) + 5 (A// v )h 2 o + (A//v)c 4 h 10 
= [-2878 + 5(44.0) + 19.2] kJ/mol = 


-2639 kJ/mol 


(600 — V 

-2639 = 

| -1.58 x 10 6 kJ/s 

\ S /' 

mol / 



If a reaction takes place in a closed reactor at constant volume, the heat released or ab¬ 
sorbed is determined by the change in internal energy between reactants and products. The 
infernal energy of reaction, AU t (T), is the difference //products “ //reactants if stoichiometric quan¬ 
tities of reactants react completely at temperature T. 

Suppose a reaction occurs, and v, is the stoichiometric coefficient of the i th gaseous reac¬ 
tant or product. If ideal gas behavior can be assumed and specific volumes of liquid and solid 
reactants and products are negligible compared with those of the gases, the internal energy of 
reaction is related to the heat of reaction by 

A 0 t (T) = A H t {T) -RTl X M~ X M ] (9 ' 1 ' 5) 

\ gaseous gaseous / 

\ products reactants / 

For example, for the reaction 

C 6 H !4 (1) + ^0,(g) - 6 CO(g) + 7H 2 0 (v) 
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the internal energy of reaction is 

A0 r (7-) = AH t (T) - RT (6 + 7 - f) 

= AH t (T) - lRT 

If there are no gaseous reactants or products, then to a good approximation AU r = AH T . 

EXAMPLE 9.1-2 Evaluation of AU T 

The standard heat of the reaction 

C 2 H 4 (g) + 2 Cl 2 (g) — C 2 HCL(1) + H 2 (g) + HCl(g) 
is AH° = -420.8 kJ/mol. Calculate AU° for this reaction. 


SOLUTION 


From the stoichiometric equation 

y, Vi (product gases) = 1 + 1=2 
y Vi (reactant gases) = 1 + 2 = 3 

From Equation 9,1-5 



TEST 1* What is a heat of reaction? A standard heat of reaction? 

YOURSELF 2 - Suppose AH° is -40 kJ/mol for the reaction 2A B. 

(Answers, p. 661) ( a ) What is the value of the ratio (kJ/mol A reacted)? 

(b) Is the reaction exothermic or endothermic at 25°C and 1 atm? 

(c) If the reactants and products are at the same temperature, must heat be added to or 
withdrawn from the reactor? (Assume that the energy balance reduces to Q = AH.) 

(d) If the reactor is adiabatic (Q = 0), would the products leave at a higher or a lower 
temperature than that of the entering reactants? 

3. C 6 H 14 (l) + f 0 2 - 6 C0 2 + 7H 2 0(1): AH° = -4163 kJ/mol 

QH 14 (g) + f 0 2 6C0 2 + 7H 2 0(I): AH° = -4195 kJ/mol 

The standard state for the heats of reaction is 25° and 1 atm. What is the physical signifi¬ 
cance of the difference between the two given values of A H°1 

4. Write the formula for A U r (T) in terms of A H r (T) for the reaction A(g) + 2B(g) + C(l) — 
D(g) + 2E(s). 

5. Derive Equation 9.1-5 from the definition of H as V + PV. 


9.2 MEASUREMENT AND CALCULATION OF 
HEATS OF REACTION; HESS’S LAW 

A heat of reaction may be measured in a calorimeter—a closed reactor immersed in a fluid 
contained in a well-insulated vessel. The rise or fall of the fluid temperature can be measured 
and used to determine the energy released or absorbed by the reaction, and the value of A H° 
may then be calculated from that energy and known reactant and product heat capacities. 

There are serious limitations to this technique, however. Suppose, for example, you wish 
to determine A H° for the reaction 

C(s) + i 0 2 (g) - CO(g) 




446 Chapter 9 Balances on Reactive Processes 

You could put 1 mole of carbon and 0.5 mole of oxygen together in a reactor, but you would 
never get 1 mole of carbon monoxide as the final product. If the reactants are at or near 25°C 
or lower, nothing apparent would occur since the rate at which carbon and oxygen react at 
this temperature is immeasurably low. If, on the other hand, the mixture were heated to a 
temperature at which C and O 2 react at a measurable rate, the product would be either pure 
CO 2 or at best a mixture of CO and C0 2 , making it impossible to determine the heat of the 
CO formation reaction alone. 

However, you can carry out the reactions 

1. C + 0 2 — C0 2 : A/% = -393.51 kJ/mol 

2. CO + \0 2 — C0 2 : A H° 2 = -282.99 kJ/mol 

and determine their heats of reaction experimentally. You may then construct a process path 
for the reaction 

3. C + i0 2 CO: AH° 3 = ? 


Reaction (3) 

AH°3 

c + i o 2 (+ ^-o 2 )-► co(+ \ o 2 ) 


Reaction 1 
A H = AH° X 


25°C 25°C 

Reverse of reaction 2 
AH = ~AH°2 

co 2 

25°C 



Since H is a state function, 

A/% = A/% + (-A/%) = (-393.51 + 282.99) kJ/mol = -110.52 kJ/mol 

You have thus calculated the desired heat of reaction, which could not be measured directly, 
from two measurable heats of reaction. 

This result could have been obtained more concisely by treating the stoichiometric equa¬ 
tions for reactions 1 and 2 as algebraic equations. If the equation for reaction 2 is subtracted 
from that for reaction 1, the result is 

C + 0 2 - CO - j0 2 -* co 2 - C0 2 


C + |0 2 -* CO (reaction 3) 

The standard heat of reaction 3 may be calculated by applying the same operation to the heats 
of reactions 1 and 2—that is, A/% 3 — A/% - A/%—confirming the result previously obtained. 

The general statement of the validity of this procedure is called Hess’s law If the stoi¬ 
chiometric equation for reaction 1 can be obtained by algebraic operations (multiplication by 
constants, addition, and subtraction) on stoichiometric equations for reactions 2,3,..., then the 
heat of reaction A/% can be obtained by performing the same operations on the heats of reactions 

vA-A/J;,. 



Hess’s Law 


The standard heats of the following combustion reactions have been determined experimentally: 

1. C 2 H6 + 10 2 — 2C0 2 + 3H 2 0: A= -1559.8 kJ/mol 

2. C + 0 2 —*■ C0 2 : A/% = -393.5 kJ/mol 

3. H 2 + iQ 2 — H 2 0: A/% = -285.8 kJ/mol 
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Use Hess’s law and the given heats of reaction to determine the standard heat of the reaction 
4. 2C + 3H 2 —* C 2 H 6 : AH° 4 =? 


SOLUTION 


Since 

(4) = 2 x (2) + 3 x (3) - (1) 

(verify), from Hess’s law 

Ai% = 2+ 3A H° } - M)° = -84.6 kJ/mol 

This heat of reaction could not have been measured directly, since you cannot react carbon and 
hydrogen in such a way that ethane is the only reaction product. 


TEST 

YOURSELF 
(Answers, p. 661) 


1. What is Hess’s law? 

2. Suppose heats of reaction at 25°C are measured experimentally for the following set of re¬ 
actions: 

2 A + B — 2C: A= -1000 kJ/mol 

A + D — C + 3E: Atf r °, = -2000 kJ/mol 

Use Hess’s law to show that for 


B + 6 E - 2 D: A H° = +3000 kJ/mol 


9.3 FORMATION REACTIONS AND HEATS OF FORMATION 


A formation reaction of a compound is the reaction in which the compound is formed from its 
elemental constituents as they normally occur in nature (e.g., 0 2 rather than O). The enthalpy 
change associated with the formation of 1 mole of the compound at a reference temperature 
and pressure (usually 25°C and 1 atm) is the standard heat of formation of the compound, A//°. 

Standard heats of formation for many compounds are listed in Table B.1 of this text and 
on pp. 2-187 through 2-198 of Perry’s Chemical Engineers’ Handbook. 1 For example, A H° for 
crystalline ammonium nitrate is given in Table B.1 as -365.14 kJ/mol, signifying 

N 2 (g) + 2H 2 (g) + |0 2 (g) — NH 4 N0 3 (c): A H° = -365.14 kJ/mol 

Similarly, for liquid benzene A H° = 48.66 kJ/mol, or 

6C(s) + 3H 2 (g) -* QHg(l): A H° — +48.66 kJ/mol 
The standard heat of formation of an elemental species (e.g., ChJ is zero. (Why?) 

It may be shown using Hess's law that if v, is the stoichiometric coefficient of the i lh species 
participating in a reaction (+ for products , - for reactants) and A H° t is the standard heat of 
formation of this species, then the standard heat of the reaction is 


4*? = = x I-.IahS- X Marts 

< products reactants 


(9.3-1) 


The standard heats of formation of all elemental species should be set equal to zero in this 
formula. The validity of Equation 9.3-1 is illustrated in the next example. 


EXAMPLE 9.3-1' 


Determination of a Heat of Reaction from Heats of Formation 


Determine the standard heat of reaction for the combustion of liquid n-pentane, assuming H 20 (!) 
is a combustion product. 

C*H b ( 1) + 802(g) - 5C0 2 (g) + 6H 2 0(1) 


R. H. Perry and D. W. Green, eds.. Perry’s Chemical Engineer’s Handbook , 7th Edition, McGraw-Hill, New 
York, 1997. 
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SOLUTION From Equation 9.3-1 

AH° - 5(A//f )co 2 (g) + 6 (AJ?°)h 2 oo) " (AH°) Ci H i2 (i) 

Heats of fonnation from Table B.l 
A H° = [5(-393.5) + 6(-285.84) - (-173.0)] kJ/mol 
= I -3509 kJ/moT 

To verify the formula for A H°, we may write the stoichiometric equations for the formation reac¬ 
tions of the reactants and products: 

1. 5 C(s) + 6 H 2 (g) - CsHuO): A- (A// f °)c 5 H l2 (.) 

2. C(s) + 02(g) - C0 2 (g): A/% = (Ai? f °) C o 2 (g) 

3. H,(g) + |0 2 (g) - H 2 0(1): A/% = (AH?)h 2 o W 

The desired reaction, 

4. C$Hu(l) + 8 02 (g) - 5 C0 2 (g) + 6 H 2 0(1): A/% = ? 

may be obtained as 5 x (2) + 6 x (3) - (1) (verify), and the given formula for A H° then follows from 
Hess’s law. 

Techniques for estimating heats of formation of compounds with known molecular struc¬ 
tures are given by Reid, Prausnitz, and Poling. 2 

The standard heat of the reaction 

2 CO — 2 C + 0 2 

is A/% = +221.0 kJ/mol. Use this result to calculate the standard heat of formation of 
CO and check your result with a tabulated value. 

A/% is -28.64 kcal/mol for C 3 H 8 (1) and -24.82 kcal/mol for C 3 H 8 (g). What is the physical 
significance of the difference between these values? 

Consider the reaction 

CH 4 + 2 0 2 - C0 2 + 2 H 2 0(v) 

Write the formula for A/% in terms of the standard heats of formation of the reactants 
and products. 

9.4 HEATS OF COMBUSTION 

The standard heat of combustion of a substance, A/%, is the heat of the combustion of that 
substance with oxygen to yield specified products [e.g,, C0 2 (g) and H 2 0(1)], with both reactants 
and products at 25°C and 1 atm (the arbitrary but conventional reference state). 

Table B.l lists standard heats of combustion for a number of substances. The given val¬ 
ues are based on the following assumptions: (a) all carbon in the fuel forms C0 2 (g), (b) all 
hydrogen forms H 2 0(1), (c) all sulfur forms S0 2 (g), and (d) all nitrogen forms N 2 (g). The 
standard heat of combustion of liquid ethanol, for example, is given in Table B.1 as A H c = 
- 1366.9 kJ/mol, which signifies 

C 2 H 5 OH(l) + 3 0 2 (g) — 2 C0 2 (g) + 3 H 2 0(i): A// r (25°C, 1 atm) = -1366.9 kJ/mol 
Additional heats of combustion are given on pp. 2-195 through 2-199 of Perry’s Chemical En¬ 
gineers’ Handbook (see footnote 1). 


TEST 1. 

YOURSELF 
(Answers, p. 661) 

2 . 

3. 


2 R. C. Reid, J. M. Prausnitz, and B. E. Poling, The Properties of Gases and Liquids, 4th Edition, McGraw-Hill. 
New York, 1987. 
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EXAMPLE 9.4 


SOLUTION 


9.4 Heats of Combustion 449 


Standard heats of reactions that involve only combustible substances and combustion prod¬ 
ucts can be calculated from tabulated standard heats of combustion, in another application of 
ess s aw. A hypothetical reaction path may be constructed in which (a) all combustible reac 
tants are burned with 0 2 at 25°C and (b) C0 2 and H 2 0 combine to form the reaction products 
plus 0 2 . Step (b) involves the reverse of the combustion reactions of the reaction products. 
Since both steps involve only combustion reactions, the total enthalpy chanse—which equals 
the desired heat of reaction—can be determined entirely from heats of combustion as 


AX Z MOO 

* reactants products 


If any of the reactants or products are themselves combustion products [CCK H.O(l) SO. 1 

their A//° terms in Equation 9.4-1 should be set equal to 0. ‘ 

Note that this formula is similar to that used to determine SH° from heats of formation 
except that in this case the negative of the sum is taken. The validity of this formula is illustrated 
in the next example. 


'If Calculation of a Heat of Reaction from Heats of Combustion 

Calculate the standard heat of reaction for the dehydrogenation of ethane: 

C 2 H6 - QH4 + H 2 


From Table B.l, 

(A// c °)c 2 h, = -1559.9 kJ/mol 
(A/? c 0 )c 2 h 4 = -1411.0 kJ/mol 
(A4°) h, = -285.84 kJ/mol 

From Equation 9.4-1, therefore, 

A// r ° = (Ai? c 0 ) Cj H 6 - (A/? c °) c ,h 4 “ (A// c °) Hj = I 136.9 kJ/mol 

I 

As an illustration, let us demonstrate the validity of this formula using Hess's law. The combusnon 
reactions are 

1. C 2 H 6 + |02 — 2 C0 2 + 3 H.O 

2. C 2 H 4 + 3 0 2 — 2 C0 2 + 2 H 2 0 

3. H 2 + 10 2 — H 2 0 

It is easy to show that 

4. C 2 H 6 - C 2 H 4 + H 2 

is obtained as (1) - (2) - (3). (Show it.) The desired result follows from Hess's law. 


One of the principal applications of Equation 9.4-1 is to determine heats of formation for 
combustible substances whose formation reactions do not occur naturallv. For example, the 
formation reaction of pentane 

5 C(s) + 6 H 2 (g) - C 5 H 12 (1): A H° = ? 

cannot be carried out in a laboratory, but carbon, hydrogen, and pentane can all be burned 
and their standard heats of combustion determined experimentally. The heat of formation of 
pentane may then be calculated from Equation 9.4-1 as 

(A// f )c s Hu(i) = 5(Atf c °) C(s) + 6(A//“) H , (g) - (A/?°) QHi , m 
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CREATIVITY EXERCISE 

When an exothermic reaction takes place, the energy released raises the temperature of the 
reactor contents unless the reactor is cooled. Suppose such a reaction occurs in a batch reactor. 

1. Think of as many reasons as you can why you might not want the reactor temperature to 
increase. ( Example: The product might degrade or decompose at higher temperatures.) 

2. Think of as many ways as you can to keep the reactor temperature from increasing as the 
reaction proceeds. ( Example: Throw in some ice.) 


9.5 ENERGY BALANCES ON REACTIVE PROCESSES 
9.5a General Procedures 

To perform energy balance calculations on a reactive system, proceed much as you did for 
nonreactive systems: (a) draw and label a flowchart; (b) use material balances and phase equi¬ 
librium relationships such as Raoult’s law to determine as many stream component amounts 
or flow rates as possible; (c) choose reference states for specific enthalpy (or internal energy) 
calculations and prepare and fill in an inlet-outlet enthalpy (or internal energy) table; and 
(d) calculate A// (or AC/ or A H), substitute the calculated value in the appropriate form of the 
energy balance equation, and complete the required calculation. 

Two methods are commonly used to choose reference states for enthalpy calculations and 
to calculate specific enthalpies and A// 3 . We outline the two approaches below, using a propane 
combustion process to illustrate them. For simplicity, the material balance calculations for the 
illustrative process have been performed and the results incorporated into the flowchart. 


100 mol C 3 H 8 (g)/s , 


25“C 


600 mol 0 2 (g)/$ 
2256 mol N 2 (g)/s 
300°C 


f 

FURNACE 

} 



J 


100 mol 0 2 {g)/s 
2256 mol N 2 (g)/s 


0(kJ/s) 


300 mol C0 2 tg)/s 
400 mol H 2 0(v)/s 
1000°C 


C 3 H 8 (g) + 5 0 2 (g) —*■ 3 C0 2 (g) + 4 H 2 0(1): Atf r ° = -2220 kJ/mol 

Heat of Reaction Method, This method is generally preferable when there is a single reaction 
for which A H° is known. 

1. Complete the material balance calculations on the reactor to the greatest extent possible. 

2. Choose reference states for specific enthalpy calculations. The best choices are generally 
reactant and product species at 25°C and 1 atm in the states for which the heat of reaction 
is known [C 3 H 8 (g), 0 2 (g), C0 2 (g), and H 2 0(1) in the example process], and nonreacting 
species at any convenient temperature, such as the reactor inlet or outlet temperature or 
the reference condition used for the species in an available enthalpy table [N 2 (g) at 25°C 
and 1 atm, the reference state for Table B.8]. 

3. For a single reaction in a continuous process, calculate the extent of reaction, £, from Equa¬ 
tion 9.1-3. 4 When writing the equation, choose as species A any reactant or product for 


3 In what follows, we presume that the value of Atf is needed for the energy balance. If At/ or A H is required, 
replace each H that appears with U or H. 

4 If multiple reactions occur you would calculate the extents of each independent reaction, £i, •• (Equation 

4.6-6 on p. 123), but for such processes you are generally better off using the heat of formation method to be 
described. 
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which the feed and product flow rates are known. In the example, we may choose any 
reactant or product since we know all inlet and outlet species flow rates and calculate the 
rate of consumption or generation of A (h Aj in Equation 9.1-3) as |(«A.)out - (« A ) iri j. If A 
is propane, 

£ _ l(«C,Hk)out ~ («C,H«)inl |0 — 100| mol/s ^ ,, 

s - -i-j- — --- = iuu mol/s 

I* / c 3 h*I 1 

As an exercise, let A be 0 2 , C0 2 , or H 2 0 and verify that the value of £ is independent of 
the species chosen. 

4. Prepare the inlet-outlet enthalpy table, inserting known molar amounts (n ( ) or flow rates 
(hi) for all inlet and outlet stream components. If any of the components is at its reference 
state, insert 0 for the corresponding Hj. For the example process, the table would appear 
as follows: 


References: C 3 H 8 (g), 0,(g), N 2 (g), C0 2 (g), H 2 0(1) at 25°C and 1 atm 


Substance 

^in 

( mol/s) 

tin 

(kJ/mol) 

flout 

(mol/s) 

Hoat 

(kJ/mol) 

c 3 h 8 

100 

0 

_ 

_ 

o 2 

600 

Hi 

100 

H 4 

n 2 

2256 

#3 

2256 

H s 

co 2 

— 

—- 

300 

He 

h 2 o 

— 

— 

400 

Hi 


5. Calculate each unknown stream component enthalpy. Hi, as AH for the species going from 
its reference state to the process state, and insert the enthalpies in the table. In the example. 

Hi = A H for 0 2 (25°C) —* 0 2 (300°C) = 8.47 kJ/mol (from Table B.8) 

We proceed in the same manner to calculate// 3 = 8.12 kJ/moi, H 4 - 32.47 kJ/mol. H 5 = 
30.56 kJ/mol, H g = 48.60 kJ/mol, and H 7 = 81.71 kJ/mol. 

Consider the last result. By definition 

Hi = AH for H 2 0(1, 25°C) — H 2 0(g, 1000°C) 

We could either use steam tables to determine A H in one step or heat the liquid water 
from 25°C to 100°C, vaporize it, heat the vapor from 100°C to 1000°C, and calculate H 7 = 
h?c C Cpl dT + A//v(100°C) + C pv dT. 

6. Calculate AH for the reactor. Use one of the following formulas: 

AH = £ AH° -f X h 0 MHout - X hjgHm (single reaction) (9.5-la) 

AH = X £/ "*■ 21 houtHoui ~ X h'mHfo (multiple reactions) (9.5-lb) 

reactions 

A derivation of these equations is outlined following the presentation of the heat of for¬ 
mation method. Substitution of the previously calculated values into Equation 9.5-la 
yields AH = -1.26 x 10 s kJ/s. 

7. Substitute the calculated value of AH in the energy balance (Q-W s = AH + A£ k + A£ p 
for an open system) and complete the required calculations. 

Heat of Formation Method : This method is generally preferable for multiple reactions and 
single reactions for which A H r is not readily available. 

1. Complete the material balance calculations on the reactor to the greatest extent possible. 

2. Choose reference states for enthalpy calculations. (This is the step that distinguishes the 
preceding method from this one.) The choices should be the elemental species that con- 
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stitute the reactants and products in the states in which the elements are found at 25°C 
and 1 atm [C(s), H 2 (g), etc.] and nonreacting species at any convenient temperature. In 
the example, the reference states would be C(s), H 2 (g), and 0 2 (g) at 25°C (the elemental 
species constituting the reactants and products), and N 2 at 25°C (the reference tempera¬ 
ture of Table B.8). 

3. Prepare the inlet-outlet enthalpy table, inserting known molar amounts (nj or flow rates 
(hi) for all inlet and outlet stream components. For the example process, the table would 
appear as follows: 


References: C(s), H 2 (g), 0 2 (g), N 2 (g) at 25°C and 1 atm 


Substance 

^in 

(mol/s) 

H,n 

(kJ/mol) 

^OUt 

(mol/s) 

tfout 

(kJ/mol) 

C 3 H g 

100 

Hi 

__ 

— 

o 2 

600 

Hi 

100 

H4 

n 2 

2256 

Hj 

2256 

Hs 

C0 2 

— 

— 

300 


h 2 o 

— 

— 

400 

Hi 


4. Calculate each unknown specific enthalpy. For a reactant or product, start with the ele¬ 
mental species at 25°C and 1 atm (the references) and form 1 mol of the process species 
at 25°C and 1 atm (AH = A H° from Table B.l). Then bring the species from 25°C and 
1 atm to its process state, calculating AH using the appropriate heat capacities from Ta¬ 
ble B.2, specific enthalpies from Table B.8 or B.9, and latent heats from Table B.l. The 
specific enthalpy that goes in the inlet-outlet table is the sum of the enthalpy changes for 
each step in the process path. 

In the example, we would first calculate the specific enthalpy of the entering propane 
(Hi) as follows: 

3 C(s)(25°C, 1 atm) + 4 H 2 (g)(25°C, 1 atm) C 3 H 8 (g)(25°C, 1 atm) 


Hi = (A// f °)c 3 H 8 ( g ) = -103.8 kJ/mol (from Table B.1) 

This is the enthalpy of propane at 25°C (the process state) relative to C(s) and H 2 (g) at 
25°C (the reference states). If the propane had entered at a temperature To other than 
25°C, a term of the form |^ c C p dT would be added to the heat of formation of propane. 

Next, we calculate the specific enthalpy of 0 2 at 300°C (the process state) relative to 
0 2 at 25°C(the reference state) as H 2 = 8.47 kJ/mol (from Table B.8). There is no heat 
of formation term, since 0 2 is an elemental species. We proceed in the same manner to 
calculate #3 = 8.12 kJ/mol, H 4 = 32.47 kJ/mol, = 30.56 kJ/mol, = -344.9 kJ/mol, 
and H 7 = -204.1 kJ/mol. To calculate H 6 and Hi, we form the corresponding species 
[C0 2 (g) and H 2 0(v)] at 25°C from their elements (AH = AH f °), then heat them from 
25°C to 1000°C (AH = # 100 o°c from Table B.8), and add the formation and heating terms. 

5. Calculate A H for the reactor. For both single and multiple reactions, the formula is 

A H = ' Wouttfout ~ 'y > \ hj n Hj n (9.5-2) 

Note that heat of reaction terms are not required if the elements are chosen as references 
The heats of reaction are implicitly included when the heats of formation of the reactants 
(included in the H m terms) are subtracted from those of the products (in the H ou t terms) 
in the expression for AH. Substituting the calculated h and H values into Equation 9.5-2 
yields AH = -1.26 x 10 s kJ/s. 
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6. Substitute the calculated, value of A H in the energy balance equation and complete the re¬ 
quired calculations. 

The process paths that correspond to the heat of reaction and heat of formation methods 
are shown below. 


Reactants —. . Products 

Tin T m 

I + 

I I 


t ! 

Reactants-(-Products 

25°C 25=C 


Reactants 

Tin 


Products 


H, / 

Elements 
25°C 


(a) Process path for heat 
of reaction method 


(b) Process path for heat 
of formation method 


The heat of reaction method amounts to bringing the reactants from their inlet conditions to 
their reference states at 25°C (A/f = ~ Z h in H m ) y carrying out the reaction at 25°C (from 
Equation 9.1-3, A H = £ or the summation of such terms for multiple reactions), bring¬ 
ing the products from their reference states at 25°C to their outlet states (A H = V h sM H QUl ), 
and summing the enthalpy changes for these three steps to calculate A H for the overall process. 
The heat of formation method amounts to bringing the reactants from their inlet conditions to 
their constituent elements at 25°C (A H = - Z h in H in ), taking the elements to the products at 
their outlet states (A H = Z n 0Ui H 0M ), and summing the enthalpy changes for these two steps 
to calculate A H for the overall process. 


EXAMPLE 95-1 


Energy Balance About an Ammonia Oxidizer 


The standard heat of reaction for the oxidation of ammonia is given below: 

4 NH 3 (g) + 5 0 2 (g) —•> 4 NO(g) + 6 H 2 0(v): AH° = -904.7 kJ/mol 

One hundred mol NHj/s and 200 mol 0 2 /s at 25°C are fed into a reactor in which the ammonia is 
completely consumed. The product gas emerges at 300°C. Calculate the rate at which heat must be 
transferred to or from the reactor, assuming operation at approximately 1 atm. 

SOLUTION Basis: Given Feed Rates 


100 mol NHj/sl 
[200 mo! 0 2 /s 1 
25 3 C 


J 



G<kJ/s) 


100 mol NO/s' 
150 mo! H 2 0 /s 
75 mol Oj/s 
300“C 


(Verify the product flow rates.) Since only one reaction takes place and A H° is known, we will use 
the heat of reaction method for the energy balance, choosing as references the reactant and product 
species in the states for which the heat of reaction is given. The enthalpy table appears as follows: 


References: NHj(g), 0 2 (g), NO(g), H 2 0(v) at 25°C and 1 atm 


Substance 

^in 

(mol/s) 

Bin 

(kJ/mol) 

(mol/s) 

Worn 

(kJ/mol) 

nh 3 

100 

0 

_ 

_ 

0 2 

200 

0 

75 

Hi 

NO 

— 

__ 

100 

Hi 

h 2 o 

— 

— 

150 

fh 
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Calculate Unknown Enthalpies 

0 2 (g, 300°C): From Table B.8, H x = 8.470 kJ/mol (Insert value in enthalpy table) 

r300”c Table B.2 . „ . , . . 

NO(g, 300°C): H 2 =\ (C p )no dT ==> H 2 = 8.453 kJ/mol (Insert in table) 

J25 I, 2 C 

H 2 0(v, 300°C): From Table B.8, H 2 = 9.570 kJ/mol (Insert in table) 

Calculate £ and AH 

Since 100 mol NH 3 /s is consumed in the process (A = NH 3 , h Aj = 100 mol NH 3 consumed/s). 
Equation 9,1-3 becomes 


; «NH,,r 100 mol/s 

* ■ ra" 4 


25 mol/s 


AH 


Jl Equation 9.5-la 

: £AH° + ' flout out tl'mR in 


= (25 mol/s)(-904.7 kJ/mol) + [(75)(8.470) + (100)(8.453) 

+ (150)(9.570) - (100)(0) - (200)(0)] kj/s = -19,700 kJ/s 


Energy Balance 

For this open system. 


Q- W % = AH + AE k + AE P 

W s = 0 (no moving parts) 

A£ p = 0 (horizontal unit) 

, A£ k = 0 (neglect kinetic energy changes) 

Q » A/f = -19,700 kJ/s = f—19,700 kW 

Thus, 19,700 kW of heat must be transferred from the reactor to maintain the product temperature at 
300°C. If less heat were transferred, more of the heat of reaction would go into the reaction mixture 
and the outlet temperature would increase. 


The heat of formation method, which involves taking elemental constituents of the reac¬ 
tants and products in their naturally occurring states as references for enthalpy calculations, is 
usually convenient for processes that involve several simultaneous reactions. The next example 
illustrates this approach. 


EXAMPLE 9.5-2 Energy Balance on a Methane Oxidation Reactor 

Methane is oxidized with air to produce formaldehyde in a continuous reactor. A competing reaction 
is the combustion of methane to form C0 2 , 


1. CH 4 (g) + 0 2 - HCHO(g) + H 2 0(v) 

2. CH 4 (g) + 20 z — C0 2 + 2H 2 0(v) 

A flowchart of the process for an assumed basis of 100 mol of methane fed to the reactor is shown 
here. 





9.5 Energy Balances'on Reactive Processes 455 


SOLUTION 


100 mol CHj 


25°C 

i 60 m0 ' CH< 


1 rOODDl 30molHCHO(g) 

100 mol 0 2 

J-U 10 mol C0 2 

376 mol N z 

T | 50 mol H 2 0 (v) 

100°C 

Q 50 mol 0 2 


376 mol N 2 


15Q°C 


Basis: 100 mol CH 4 Fed 

Since the component amounts of all streams are known, we mav proceed directly to the energy 
balance We choose as references the elemental species that form the reactants and products at 
25 C and 1 atm (the state for which heats of formation are known) and the nonreactive species- 
N 2 (g)-also at 25 C and 1 atm (the reference state for Table B.8). The inlet-outlet enthalpy table is 


References: C(s), 0 2 (g), H 2 (g), N 2 (g) at 25°C and 1 atm 


Substance 

«in 

(moi) 

//in 

(kJ/mol) 

n Q ut 

(mol) 

fiout 

(kJ/mol) 

CEL, 

100 

Hx 

60 

A 

o 2 

100 

Ht 

50 

Hs 

N, 

376 

Hi 

376 

He 

ECHO 

— 

— 

30 

Hi 

co 2 

— 

— 

10 

Hs 

h 2 o 

' 

— 

50 

Ho 


Calculate Unknown Enthalpies 

In the following calculations, values of AH t ° come from Table B.1, formulas for CAT) come from 
Table B.2 and values of H(T) for O, and N 2 are specific enthalpies relative to the gaseous species 
at 25 C taken from Table B.8. Effects of any pressure changes on enthalpies are neglected, and the 
details of the calculations are not shown. 


CH4(25°C): H x 
O 2 (100°C): H z 
N 2 (100 o C): H 3 

CH 4 (150°C): H 4 

O 2 (150 o C): H 5 
N 2 (150 o C): H 6 

HCHO(150°C): H 2 

CO 2 (150°C): H s 
H 2 0(v, 150°C): H 9 


- (AH°) CHi = -74.85 kJ/mol 
= 7?o,(100°C) = 2.235 kJ/mol 
= tf N ,(100 c C) = 2.187 kJ/mol 

r i50°c 

= (A// f °)cH 4 + (C p )ch 4 dT 
Jas-c 

= (-74.85 + 4.90) kJ/mol = -69.95 kJ/mol 

- ^o 2 (150°C) = 3.758 kJ/mol 
= /?n 2 (150°C) = 3.655 kJ/mol 

r 150-C 

= (AfifhcHo + (C p ) Hcm dT 

J2S° C 

= (-115.90 + 4.75) kJ/mol = -111.15 kJ/mol 
= (AB°)co 2 + Hco 2 (150°C) 

- (-393.5 + 4.75) ki/mol = -388.6 kJ/mol 
= ( A ^f°)H,o(v) + ^h,o(v)(150°C) 


= (-241.83 + 4.27) kJ/mol = -237.56 kJ/mol 

As each of these values is calculated, it should be substituted in the inlet-outlet enthalpy table. The 
table finally appears as follows: 
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References: C(s), 02(g)- H 2 (g), N 2 (g) at 25°C and 1 atm 


Substance 

Hj n 

(mol) 

H m 

(kJ/mot) 

^OUt 

(mol) 

Wout 

(kJ/mol) 

ch 4 

100 

-74.85 

60 

-69.95 

0 2 

100 

2.235 

50 

3.758 

n 2 

376 

2.187 

376 

3.655 

HCHO 

— 

_ 

30 

-111.15 

co 2 

— 

— 

10 

-388.6 

h 2 o 

— 

— 

50 

-237.56 


Evaluate AH 

From Equation 9.5-2, 

AH = n ou Aut ~ ^ n [n H\ n = -15,300 kJ 

If molecular species had been chosen as references for enthalpy calculations, the extents of each 
reaction (fi and £2) would have had to be calculated and Equation 9.5-lb used to determine AH. 
When more than one reaction occurs in a process, you are advised to choose elemental species as 
references and avoid these complications. 

Energy Balance 

Remember that we are dealing with a continuous process and hence an open system. [The reason 
we use rc(mol) and not n(mol/s) is that we took 100 mol CH 4 as a basis of calculation.] With A£ k , 
AE P , and W s neglected, the open system energy balance yields 

Q * AH = -15,300 kJ I 


9.5b Processes with Unknown Outlet Conditions: Adiabatic Reactors 

In the reactive systems we have looked at so far, the inlet and outlet conditions were specified 
and the required heat input could be determined from an energy balance. 

In another important class of problems, the input conditions, heat input, and product com¬ 
position are specified, and the outlet temperature is to be calculated. To solve such problems, 
you must evaluate the enthalpies of the products relative to the chosen reference states in terms 
of the unknown final temperature, and then substitute the resulting expressions into the energy 
balance (Q = AH, or AH = 0 for an adiabatic reactor) to calculate T om . 

EXAMPLE 9,5-3 Energy Balance on an Adiabatic Reactor 

The dehydrogenation of ethanol to form acetaldehyde 

C 2 H 5 OH(v) CH 3 CHO(v) + H 2 (g) 

is carried out in a continuous adiabatic reactor. Ethanol vapor is fed to the reactor at 400°C, and a 
conversion of 30% is obtained. Calculate the product temperature. 

SOL UTION Basis: 100 mol Feed 

Material balances lead to the information on the flowchart shown here. 





100 mol C 2 H 5 0 H(v) ’ 


70 mol C 2 H 5 OH(v) 


400°C 30 mol CHjjCHOM 

30 mol H 2 (g) 

r ad ra 
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Since only one reaction occurs, we could equally well choose the reactants and products [CiH 5 OH(v), 
CH 3 CHO(v), H 2 (g)] or their elemental constituents [C(s), H 2 (g), 0 2 (g)] as references for enthalpy 
calculations. Let us choose the molecular species. 


References: C 2 H s OH(v), CH 3 CHO(v). H 2 (g) at 25°C and 1 
atm 


Substance 

n in 7?j n 

(mo!) (kJ/mol) 

ttom Rout 

(mol) (kJ/mol) 

C 2 HjOH 

CH 3 CHO 

h 2 

100.0 Hi 

70.0 H 2 

30.0 //, 

30.0 // 4 


The open system energy balance neglecting kinetic and potential energy changes and shaft work and 
setting Q = 0 for this adiabatic reactor is 

AH • € + X - X «in#in = 0 

The expression for AH is that of Equation 9.5-la. 

Calculate Extent of Reaction 

We could use any reactant or product as a basis for calculating f. Let us use acetaldehyde. From 
Equation 9.1-3. 

r _ l(ftCH 3 CH0) out ~(«CH ^CHo)inl |30.0 mol — 0 mol| 

e ~ —— = —i— ■ 30 ' 0mo1 

Calculate Standard Heat of Reaction 

From Equation 9.3-1 and Table B.1 (heats of formation), 

AH r = X )cjH 5 oh(v) + (l)(AH f 0 )cH 3 cHO(v) + (l)(A/? f °) Hj (gi 

= [( 1)( 235.31) + (1)(-166.2) - (1)(0)] kJ/mol = 69.11 kJ/mol 
Calculate Inlet Enthalpy 

r400»c C„ from Table B.2 

#i = (C/>)o>h<oh H\ - 33,79 kJ/mol 

JlS’C 

Calculate Outlet Enthalpies 

The heat capacities of ethanol vapor and hydrogen are given in Table B.2. For acetaldehyde vapor, 
the heat capacity is given by Reid, Prausnitz, and Poling 3 : 

(C p )ch 3 cho = 0.05048 + 1.326 x 10" 4 r - 8.050 x 10~ S T 2 + 2.380 x 10” n r 

where T is in °C. For the three species in the product stream, 

f Ld 

77;= C pi (T)dT, i = 1.2,3 

J2S C C 

If the heat capacity formulas for the three species are substituted in this expression and the integrals 
are evaluated, the results are three fourth-order polynomial expressions for ft(r ad ), H 3 (T id ), and 

// 4 (r ad ): 

C 2 H$OH: # 2 (kJ/mol) = 4.958 x 10~ 12 7^ - 2.916 X 10" 8 T a 3 d 

+ 7.860 X 10" 5 r a 2 d + 0.06134T ad - 1.582 


5 R. C. Reid, J. M. Prausnitz. and B. E. Poling, The Properties of Gases and Liquids, 4th Edition, McGraw-Hill. 
New York, 1987. The formula given has been derived from the one shown in this reference, which is for the heat 
capacity in J/(mol K) with the temperature expressed in kelvin. 
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CHjCHO: A 3 (kJ/mol) = 5.950 X l(T l2 r 4 - 2.683 X KT 8 T a 3 d 

+ 6.630 X 10“ 5 T ad + 0.05048T ac i - 1-303 
Hz ; # 4 (kJ/mol) = -0.2175 X l<T 12 T a 4 + 0.1096 x l(T 8 7 a 3 d 

+ 0.003825 X l<r 5 T 2 d + 0.02884T ad - 0.7210 

Solve the Energy Balance for T ad 

AH = t AH° + (70.0 mol)H 2 + (30.0 mol)H 3 + (30.0 mol)/? 4 - (100.0 mol)Hi = 0 

^Substitute for £ (= 30.0 mol), AH 0 , (= 69.11 kJ/mol), (t x (= 33.79 kJ/mol), and fl 2 through H, 
AH = 5.190 X 10" 10 T 4 d + 2.813 x l(T 6 T 3 d + 7.492 x 10~ 3 T 2 d + 6.673r ad - 1477 = 0 
This equation can be solved using an equation-solving program or a spreadsheet. 6 The solution is 

j T ad = 185°C 


Another class of problems involves processes for which the heat input and outlet temper¬ 
ature are specified but the extent of reaction and product composition are not. Solving such 
problems requires the simultaneous solution of material and energy balance equations, as the 
next example illustrates. 


EXAMPLE 9.5-4 Simultaneous Material and Energy Balances 


The ethanol dehydrogenation reaction of Example 9.5-3 is carried out with the feed entering at 
300°C. The feed contains 90.0 mole% ethanol and the balance acetaldehyde and enters the reactor 
at a rate of 150 mol/s. To keep the temperature from dropping too much and thereby decreasing 
the reaction rate to an unacceptably low level, heat is transferred to the reactor. When the heat 
addition rate is 2440 kW, the outlet temperature is 253°C. Calculate the fractional conversion of 
ethanol achieved in the reactor. 

SOLUTION 2441 ? kW 


150 mot/s 

-1 

REACTOR| 


0.900 mol C 2 H 5 OH(v)/mol 1 
0.100 moi CH 3 CHO(v)/mol 
30Q°C 

1 n^mol C 2 H 5 OH/s! 
n 2 (mol CH 3 CHO/S) 
n 3 (mol H 2 /s! 



253"C 

C 2 H 5 0H -- CH 3 CHO + H 2 


A degree-of-freedom analysis based on atomic species balances (see Section 4.7) is as follows: 

3 unknown labeled variables (rfi, n 2 , «j) 

- 2 independent atomic species balances (C and H) 

- I energy balance 

= 0 degrees of freedom 

(Convince yourself that there are only two independent atomic balances by writing the C and O 
balances and observing that they yield the same equation.) 


6 To obtain the solution using a spreadsheet, put a guessed value of T ad in one cell and the expression for AH in 
an adjacent cell, and use the goalseek tool to determine the value of 7* for which the expression for AH equals 
zero. A first guess might be the value ot 7 m obtained by dropping all higher-order terms in the expression, leaving 
6.6737*) - 1134 = 0 => T* ~ 170°C. 






Balance on C 
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150 mol 

0.900 mol C 2 H 5 OH 

2 mol C ^ 150 mol 

0.100 mol CH 3 CHO 

2 mol C 

s j 

mol 

1 mol C2H5OH s 

mol | 

1 mol CH 3 CHO 


hi (mol C 2 H 5 OH) 

2 mol C * 2 (mol CH 3 CHO) 

2 mol C 

s 

1 mol C 2 H 5 OH s 

1 mol CH 3 CHO 


11 


*i + * 2 = 150 mol/s 

Balance on H 

[(150)(0.900)(6) + (150)(0.1Q0)(4)] molH/s 


3«i + 2*2 

Energy Balance 

In the last example we used molecular species as references for specific enthalpy calculations. This 
time we wdl use elemental species (C(s), H 2 (g), 0 2 (g)] at 25°C and 1 atm. (For a single reaction both 
choices require about the same computational effort.) The energy balance neglecting shaft work and 
kinetic and potential energy changes becomes 

Q ~ A/f = h out H oul ~ ^ ", RinHin 

The value of Q is 2440 kJ/s and the expression for Ml is that of Equation 9.5-2. The specific en¬ 
thalpies of the species at the inlet and outlet of the process relative to their elemental constituents 
are calculated as 

Hi = &H° + ( C pi (T)dT 

J25°C 

where T is 300°C at the inlet and 253°C at the outlet. Taking standard heats of formation from Table 
B.l and formulas for C p from Table B.2 and (for acetaldehyde vapor) Example 9.5-3, we calculate 
the values of H, shown in the inlet-outlet enthalpy table. 


- 6 h x + 4*2 + 2*3 (Convince yourself) 

li 

+ *3 = 435 mol H/s ( 2 ) 


References: C(s), H 2 (g), 0 2 (g) at 25°C and 1 atm 


Substance 

w in H'm 

(mol/s) (kj/mol) 

hout Horn 

(mol/s) (kJ/mol) 

C 2 H s OH 

ch 3 cho 

h 2 

135 -212.19 

15 -147.07 

hi -216.81 

*2 -150.90 

h 3 6.595 


The energy balance (Q = X n oat H out - £ h m H m ) becomes 

2440 kJ/s = [-216.81/h - 150.90« 2 + 6.595 « 3 - (135)(—212.19) - (15)(-147.07)] kJ/s 

I 

216.81«i + 150.90*2 ~ 6 . 595*3 = 28,412 kJ/s 
Solving Equations 1 through 3 simultaneously yields 

m = 92.0 mol C 2 H 3 OH/s 
« z = 58.0 mol CH 3 CHO/s 
”3 = 43.0 mol H 2 /s 
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The fractional conversion of ethanol is 


(^C;H 5 OH)in ~ (ftc z HsOH)out __ (135 — 92.0) mol/s 
(«CjH 5 OH)in 135 mol/s 


= i 0.319 

I 


9.5c 


Thermochemistry of Solutions 7 

The enthalpy change associated with the formation of a solution from the solute elements 
and the solvent at 25°C is called the standard heat of formation of the solution. If a solution 
contains n moles of solvent per mole of solute, then 


(Absolution = (Absolute + A# s °(«) 


(9,5-3) 


where 1H° is the heat of solution at 25°C (Section 8.5). From the definitions of Atf f ° and A//°, 
the dimensions of the heat of formation of the solution are (energy)/(mole of solute). 

The standard heat of a reaction involving solutions may be calculated from heats of for¬ 
mation of the solutions. For example, for the reaction 


2 HNOj(aq, r = 25) + Ca(OH) 2 (aq, /• = «)-* Ca(N0 3 ) 2 (aq, r = ») + 2 H 2 0(l) 


the standard heat of reaction is 

A H° = (A#°)ca(N 0 3 ) 2 (aq) + 2 (A//°)h 2 o( 1) “ 2(A// f )HNOj(aq, r =25) ~ )ca(OH) 2 (aq, r = x) 
= -114.2 kJ/mol 


The last equation signifies that if a solution containing 2 mol of HNO 3 in 50 mol of H 2 0(r = 25) 
is neutralized at 25°C with 1 mol of Ca(OH ) 2 dissolved in enough water so that the addition 
of more water would not cause a measurable enthalpy change (r = °°), the enthalpy change is 
-114.2 kJ. 

If a standard heat of formation is tabulated for a solution involved in a reaction, the tabu¬ 
lated value may be substituted directly into the expression for A H T ; otherwise, (A// f °)soin must 
first be calculated by adding the standard heat of formation of the pure solute to the standard 
heat of solution. 


EXAMPLE 9.5-5 Standard Heat of a Neutralization Reaction 

1. Calculate A H° for the reaction 

H 3 PC> 4 (aq, r = <») + 3 NaOH(aq, r = 50) -* Na3p0 4 (aq, r = x) + 3 H 2 0(1) 

2. If 5.00 mol of NaOH dissolved in 250 mol of water is neutralized completely at 25°C with dilute 
phosphoric acid, what is the attendant enthalpy change? 

SOLUTION 1. H 3 P0 4 (aq): A//® = -309.3 kcal/mot = -1294 kJ/mol [from p. 2-189 of Perry's Chemical En¬ 

gineers’ Handbook (see footnote 1)]. 

NaOH(aq,r = 50): (A// f °) Na oH<aq) = (A/bows) + A//®(r = 50) 

I Table B.l (Ad°) 

{J/Table B. 11 (A H°) 

= (-426.6 - 42.51) kJ/mol = -469.1 kj/mol 

Na 3 P0 4 (aq): A# { ° = -471.9 kcal/mol = -1974 kJ/mol (from p. 2-193 of Perry’s Chemical En¬ 
gineers ' Handbook ). 


’Reviewing Sections 8.5a and 8.5b before reading this section might prove helpful. 
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H 2 0(1): A#° = -285.8 kJ/mol (from Table B.l) 

Aft r = (A//f 0 } Na3 p Ol(aq) + 3(A//; 0 )h 2 0(1) - (A £f{ ) HjPO4(aq) " 3(A//°) NaOH{aq 


-130.1 kJ/mol 


2. If 5 mol of dissolved NaOH is neutralized, then 
AH( 25°C) = . 


- 130.1 kJ 

5.00 mol NaOH 

3.00 mol NaOH 



-217 kJ 


When you calculate AH for a reactive process as 

2 n & ~ zL 

products reactants 

and one of the reactant or product species is a solution, its specific enthalpy usually has the 
dimensions (energy)/(mole of solute), so that the corresponding value of n, must be moles or 
molar flow rate of the solute , and not of the total solution. A complicating factor roav be that 
while the heat of formation of a solution is always obtained in the desired units, solution heat 
capacities are normally based on a unit mass of the total solution rather than of the solute. To 
calculate the specific enthalpy of a solution at a temperature T in (energy)/(mole of solute), 
you must first calculate m, the mass of solution corresponding to 1 mole of dissolved solute, 
and then add 

m (Cp)solution dT 
J25°C 

to the standard heat of formation of the solution. The next example illustrates this calculation. 


Energy Balance on a Neutralization Process 

A 10.0 wt% aqueous solution of H 2 S0 4 at 40°C is to be neutralized with a 20.0 wt% aqueous solu¬ 
tion of NaOH at 25°C in a continuous reactor. At what rate in kJ/kg H 2 S0 4 solution must heat be 
removed from the reactor if the product solution emerges at 35°C? 


Basis: 1 kg H2SO4 Solution 

H 2 S0 4 (aq, 10%) 4- 2 NaOH(aq, 20%) -* Na 2 S0 4 (aq) +■ 2 H 2 O0) 


1000 g 10% sulfuric acid, 40°C 


0.100 g H 2 S0 4 /g 

0.900 g H 2 0/g 

mi (g) 20% sodium hydroxide. 25 S C | 



»VllAt.|A 

m 2 (g Na 2 SO a ) 

0.200 e NaOH/s 




0.800 g H 2 0/g 


This is a straightforward problem, but the number of intermediate calculations required to solve 
it might make it appear more difficult than it is. Let us summarize what must be done. 

1. Solve for m L , m 2 , and bv material balances. 

2. Calculate the solvent-to-solute mole ratios of all solutions. (The quantities are needed to de¬ 
termine the solution enthalpies from tabulated heats of solution.) 

3. Calculate the enthalpies of the solutions. (This will require additional composition calculations 
to allow the use of tabulated solution heat capacities.) 

4. Write the energy balance equation and solve it for the heat removal rate. 
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• 

Equipment 

Encyclopedia 

reactor, 

condenser 


The feed to an adiabatic formaldehyde production reactor is obtained by bubbling a stream 
of air at 1 atm through liquid methanol. The air leaves the vaporizer saturated with methanol and 
contains 42% methanol by volume. The stream then passes through a heater in which its temper¬ 
ature is raised to 145°C. To avoid deactivating the catalyst, the maximum temperature attained in 
the reactor must be limited to 600°C. For this purpose, saturated steam at 145°C is metered into the 
air-methanol stream, and the combined stream enters the reactor. A fractional methanol conver¬ 
sion of 70.0% is achieved in the reactor, and the product gas contains 5.00 mole% hydrogen. The 
product gas is cooled to 145°C in a waste heat boiler in which saturated steam at 3.1 bar is generated 
from liquid water at 30°C. Several absorption and distillation units follow the waste heat boiler, and 
formaldehyde is ultimately recovered in an aqueous solution containing 37.0 wt% HCHO. The plant 
is designed to produce 36 metric kilotons of this solution per year, operating 350 days/yr. 

(a) Draw the process flowchart and label it completely. Show the absorption/distillation train as a 
single unit with the reactor product gas and additional water entering and the formaldehyde 
solution and a gas stream containing methanol, oxygen, nitrogen, and hydrogen leaving. 

(b) Calculate the operating temperature of the methanol vaporizer. 

(c) Calculate the required feed rate of steam to the reactor (kg/h) and the molar flow rate and 
composition of the product gas. 

(d) Calculate the rate (kg/h) at which steam is generated in the waste heat boiler. 

9.30. The synthesis of ethyl chloride is accomplished by reacting ethylene with hydrogen chloride in the 
presence of an aluminum chloride catalyst: 

C 2 H4g) + HCl(g) C 2 H 5 Cl(g): AH t ( CPC) = -64.5 kJ/mo! 

Process data and a simplified schematic flowchart are given here. 


Product C 



Data 

Reactor: adiabatic, outlet temperature = 50°C 

Feed A: 100% HCl(g), 0°C 

Feed B: 93 mole% C 2 H 4 ,7% C 2 H*, 0°C 

Product C: Consists of 1.5% of the HC1,1.5% of the C 2 H 4 , and all of the C 2 H 6 that enter the reactor 

Product D: 1600 kg C 2 H 5 Cl(l)/h, 0°C 

Recycle to reactor: C 2 H 5 C 1 ( 1 ), 0°C 

C 2 H 5 C1: AH v = 24.7 kJ/mol (assume independent of T) 

(C P )c 2 H 5 ci(v)[kJ/(mol- 0 C)J = 0.052 + 8.7 x 10~ 5 r(°C) 

The reaction is exothermic, and if the heat of reaction is not removed in some way the reactor 
temperature could increase to an undesirably high level. To avoid this occurrence, the reaction is 
carried out with the catalyst suspended in liquid ethyl chloride. As the reaction proceeds, most of 
the heat liberated goes to vaporize the liquid, making it possible to keep the reaction temperature 
at or below 50°C. 

The stream leaving the reactor contains ethyl chloride formed by reaction and that vaporized 
in the reactor. This stream passes through a heat exchanger where it is cooled to 0°C, condensing 
essentially all of the ethyl chloride and leaving only unreacted C 2 H 4 , HC1, and C 2 H 6 in the gas phase. 
A portion of the liquid condensate is recycled to the reactor at a rate equal to the rate at which ethyl 
chloride is vaporized, and the rest is taken off as product. At the process conditions, heats of mixing 
and the influence of pressure on enthalpy may be neglected. 

(a) At what rates (kmoi/h) do the two feed streams enter the process? 

(b) Calculate the composition (component mole fractions) and molar flow rate of product stream C. 
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It is convenient in solution chemistry calculations to tabulate the products nH rather than n 
and H separately. The completed enthalpy table is shown below, followed by the calculations 
that led to the entries. 

References: H 2 S0 4 (aq, r = 49), 


NaOH(aq, r = 

8.9), Na 2 S0 4 (aq, r = 

69) at 25°C 

Substance 

^in^in ^oui^oui 


H 2 S0 4 (aq) 

57.8 — 


NaOH(aq) 

0 — 

nH in kj 

Na 2 S0 4 (aq) 

— 58.9 



H 2 S0 4 (ag, r = 49, 40°C): From Table 2.217, p. 2-185 of Perry’s Chemical Engineers’ Hand¬ 
book (see footnote 1), the heat capacity of a sulfuric acid solution with the given composition 
is 3.85 J/(g* 0 C). 

f40°C 

nH = ml C p dT 
J25°C 

= 57.8 kj 

NaOHiaq, r = 8.9,25°C): nfi = 0 

NaiS0 4 (aq, r = 69,35 °C): In the absence of better information, we will assume that the heat 
capacity of the solution is that of pure water, 4.184 J/(g-°C). 

r jS°C 

nH = m\ C p dT 

J25°C 

- 58.9 kJ 

The heats of formation of H 2 S0 4 (1) and NaOH(c) are given in Table B.l, and the heats 
of solution of these species are given in Table B.ll. Perry’s Chemical Engineers’ Handbook 
(see footnote 1) on p. 2-193 gives the standard heat of formation of Na 2 S0 4 (aq, r = 1100) as 
—330.82 kcal/mol Na 2 S0 4 = —1384 kJ/mol Na 2 S0 4 . In the absence of heat of solution data, 
we will assume that this value also applies to the solution for which r = 69 moles of water per 
mole of solute. The standard heats of formation of the species involved in the reaction 

H 2 S0 4 (aq, r = 49) + 2 NaOH(aq, r = 8.9) — Na 2 S0 4 (aq) + 2 H 2 0(1) 

are obtained from Equation 9.5-4 (heat of formation of the solution equals heat of formation 
of the solute plus heat of solution) as 

H 2 S0 4 (aq): A H° = [(-811.3) + (-73.3)] kJ/mol H 2 S0 4 = -884.6 kJ/mol H 2 S0 4 

NaOH(aq): AH? = [(-426.6) + (-41.5)] kJ/mol NaOH = -468.1 kJ/mol NaOH 
Na 2 S0 4 (aq): A H° { = -1384 kJ/mol Na 2 S0 4 
H 2 0(1): AH° = -285.84 kJ/mol H 2 0 
and the standard heat of reaction is therefore 

AH° = [(-1384)(1) + (—285.84)(2) - (-884.6)(1) - (-468.1)(2)] kJ/mol 
= -134.9 kJ/mol 

5. Energy balance. 

a = a* - f ii? r ° + _ 

= (1.02 mol)(-134.9 kJ/mol) + (58.9 - 57.8) kj = —136 kJ j 



1000 g 

3.85 J 

(40 - 25)°C 

: lkJ 


g-°c 


1000 J 
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When a strong acid or base is dissolved in water, it dissociates into ionic species; for exam¬ 
ple, dissolved NaOH exists as Na + and OH - in a dilute solution. Heats of formation of ions 
may be determined from heats of solutions of such substances and may be used to calculate 
heats of formation of dilute solutions of highly dissociated materials. A good discussion of this 
topic and a table of heats of formation of ions is given by Hougen, Watson, and Ragatz. 8 


The heat of formation of A(s) is (A//°)a = - 100 kJ/mol; heats of solution of A in a solvent B 
are A H°(r = 50 mol B/mol A) = -10 kJ/mol and A H°(r = ») = -15 kJ/mol. 

1. (a) What is the standard heat of formation of A(soln, r = 50) relative to B and the ele¬ 
ments of A(s)? 

(b) What is A//° for A(soln, r = «) relative to the same references? 

2. (a) What is the enthalpy (kJ/mol A) of a solution of A in B at 25°C for which r = 50, 
relative to B and the elements of A at 25°C? 

(b) What is the enthalpy (kJ) of a solution containing 5 mol of A in 250 mol of B at 25°C, 
relative to A(s) and B(l) at 25°C? What is it relative to B(l) and the elements of A at 
25°C? 

9.6 FUELS AND COMBUSTION 

The use of heat generated by a combustion reaction to produce steam, which drives turbines 
to produce electricity, may be the single most important commercial application of chemical 
reactions. (See Chapter 14.) 

The analysis of fuels and combustion reactions and reactors has always been an important 
activity for chemical engineers. In this section, we review the properties of the fuels most often 
used for power generation and outline techniques for energy balances on combustion reactors. 

9.6a Fuels and Their Properties 

Fuels burned in power-plant furnaces may be solids, liquids, or gases. Some of the more com¬ 
mon fuels are: 

Solid fuels: Principally coal (a mixture of carbon, water, noncombustible ash, hydrocarbons, 
and sulfur), coke (primarily carbon—the solid residue left after coal or petroleum is heated, 
driving off volatile substances and decomposing hydrocarbons), and to a small extent wood 
and solid waste (garbage). 

Liquid fuels: Principally hydrocarbons obtained by distilling crude oil (petroleum); also coal 
tars and shale oil. There is also a strong worldwide interest in the use of alcohols obtained 
by fermenting grains. 

Gaseous fuels: Principally natural gas (80% to 95% methane, the balance ethane, propane, 
and small quantities of other gases); also light hydrocarbons obtained from petroleum or 
coal treatment, acetylene, and hydrogen (the latter two are relatively expensive to produce). 

QUESTIONS FOR DISCUSSION 

Coal contains primarily carbon and combustible hydrocarbons, but also contains substantial 
amounts of noncombustible ash and as much as 5% sulfur by weight. 

1. What becomes of the sulfur when coal is burned? What about the ash? (Suggest two pos¬ 
sibilities for the ash.) 


TEST 

YOURSELF 
(Answers, p. 661) 


8 0, A. Hougen, K. M. Watson, and R. A. Ragatz, Chemical Process Principles, Part I, Wiley, New York, 1954, 
pp. 315-317. 



EXAMPLE 9.6-1 


SOLUTION 
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2. In view of the answer to the preceding question, why might coal be less desirable as a fuel 
than natural gas? 

3. What might prompt a power company to use coal as its primary fuel despite its drawbacks 
relative to liquid or gaseous fuels? 

The heating value of a combustible material is the negative of the standard heat of com¬ 
bustion. The higher heating value (or total heating value or gross heating value) is with 

H 2 0(1) as a combustion product, and the lower heating value (or net heating value) is the value 
based on H 2 0(v) as a product. Since A H° is always negative, the heating value is positive. 

To calculate a lower heating value of a fuel from a higher heating value or vice versa, 
you must determine the moles of water produced when one mole of the fuel is burned. If this 
quantity is designated n, then 

HHV = LHV + nA// v (H 2 0, 25°C) (9.6-1) 

(Try to prove this relationship from the definitions of LHV and HHV and Hess’s law.) The heat 
of vaporization of water at 25°C is 

A£ v (H 2 0, 25°C) = 44.013 kJ/mol (9.6-2a) 

= 18,934 Btu/lb-mole (9.6-2b) 

If a fuel contains a mixture of combustible substances, its heating value (lower or higher) is 

HV = Jl x >( HV h (9.6-3) 

where (tfV), is the heating value of the ith combustible substance. If the heating values are 
expressed in units of (energy)/(mass), then the x,s are the mass fractions of the fuel components, 
while if the dimensions of the heating values are (energy )/(mole) then the x,s are mole fractions. 


Calculation of a Heating Value 


A natural gas contains 85% methane and 15% ethane by volume. The heats of combustion of 
methane and ethane at 25°C and 1 atm with water vapor as the assumed product are given below: 

CH 4 (g) + 2 0 2 (g) — C0 2 (g) + 2 H 2 0(v): &H° = -802 kJ/mol 
QH 6 (g) + |0 2 (g) 2 C0 2 (v) + 3 H 2 0(v): A/? c ° = -1428 kJ/mol 

Calculate the higher heating value (kJ/g) of the natural gas. 

Since the heating value per unit mass of the fuel is desired, we will first calculate the composition on 
a mass basis: 

1 mol fuel ==> °’ 85 molCH * =* 13-6 gCH 4 
0.15 molC 2 H 6 =S> 4,5 g C 2 H 6 
18.1 g total 

Thus xqh, = 13.6 g CH4/I8.I g = 0.751 g CH 4 /g fuel 

* 02 h 6 = 1 - x CH4 = 0.249 g C 2 H 6 /g fuel 

The higher heating values of the components are calculated from the given heats of combustion 
(which are the negatives of the lower heating values) as follows: 

(HHVfau « 


(HHV)c 2 h, = 


(LHV) c» 4 H 
kJ 


802 -_-r- 

mol CH 4 
55.6 kJ/g 

[l428— - - 

L mol QH* 

52.0 kJ/g 


uh 2 o(A//v)h20 

_ L 2 mol H 2 0 

mol CH 4 


(44.013 - 


kJ 


3 mol H;Q 
mol C 2 H 6 


44.013 - 


kJ 


1 mol 


mol H 2 0 j\ 16.0 gCH 4 


1 mol 


mol H 2 0 ;J 30.0 g C 2 H 6 
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The higher heating value of the mixture is from Equation 9.6-3: 


HHV = x rM <{HHV) CHi + x C2H6 (HHV) C2H6 
= [(0.751)(55.6) + (0.249)(52.0)] kJ/g = 


54.7 kJ/g 


Higher heating values for common solid, liquid, and gaseous fuels are tabulated in Section 
27 of Perry’s Chemical Engineers’ Handbook (see footnote 1). Representative values are given 
in Table 9.6-1. From the standpoint of heating value per unit mass, hydrogen is clearly the 
best fuel; however, it does not occur naturally in appreciable quantities and the current cost of 
producing it makes it less economical than the other fuels in Table 9.6-1. 


Table 9,6-1 Typical Heating Values of Common Fuels 



Higher Heating Value 

Fuel 

kJ/g 

Btu/Ib m 

Wood 

17 

7700 

Soft coal 

23 

10,000 

Hard coal 

35 

15,000 

Fuel oil, gasoline 

44 

19,000 

Natural gas 

54 

23,000 

Hydrogen 

143 

61,000 


The standard heat of the reaction 

n-C 4 Hio(v) + » 0 2 — 4 CO z + 5 H 2 0(v) 

is —2658 kJ/mol. What is the lower heating value per mol of n-butane vapor? The higher 
heating value? 

A gas mixture contains 40.0 wt% H 2 (HHV = 143 kJ/g) and 60.0 wt% CH 4 (HHV = 
55 kJ/g). Calculate the higher heating value of this mixture in kJ/g. 

In 1998, bituminous coal for residential heating use cost roughly $150 per ton. What would 
natural gas have to cost ($/ton) to be as economical as coal on a $/Btu basis? (Use Table 
9.6-1.) 

9.6b Adiabatic Flame Temperature 

When a fuel is burned, a considerable amount of energy is released. Some of this energy is 
transferred as heat through the reactor walls, and the remainder raises the temperature of the 
reaction products; the less heat transferred, the higher the product temperature. The highest 
achievable temperature is reached if the reactor is adiabatic and all of the energy released by 
the combustion goes to raise the temperature of the combustion products. This temperature is 
called the adiabatic flame temperature, f ad . 

The calculation of an adiabatic flame temperature follows the general procedure outlined 
in Section 9.5b. Unknown stream flow rates are first determined by material balances. Refer¬ 
ence conditions are chosen, specific enthalpies of feed components are calculated, and specific 
enthalpies of product components are expressed in terms of the product temperature, T a( i- Fi¬ 
nally, A//(r a( j) for the process is evaluated and substituted into the energy balance equation 
(A H = 0), which is solved for T ad . 

Suppose «f(mol/s) of a fuel species with heat of combustion A//° is burned completely with 
pure oxygen or air in a continuous adiabatic reactor. If the reference states of the molecular 
feed and product species are those used to determine A H°, the enthalpy change from inlet to 


TEST 1- 

YOURSELF 
(Answers, p. 661) 

2 . 

3. 
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EXAMPLE 9.6-2 


SOLUTION 


outlet is determined from Equation 9.5-2a to be 9 

AH = hf&H° + 2«/^(7’ad) - X^'( r feed) 

out in 

Since the reactor is adiabatic, Q = 0 in the energy balance. If shaft work and kinetic and po¬ 
tential energy changes (W s , A£ k , A£ p ) are negligible compared to each of the first two terms in 
the expression for AH, the energy balance simplifies to A// = 0. which in turn leads to 

«|7/|(7' a d) = —fi{AH c + ' n,/f/(7f eed ) (9.6-4) 

out in 

Once again, the reference states for determination of the specific enthalpies in this equation 
must be those used to determine the value of AH°. If the heats of combustion in Table B.1 
are used, the reference states would be the fuel, combustion products (including liquid water), 
and inert species at 25°C and 1 atm. The fuel would be in whichever state (solid, liquid, or gas) 
Table B.l specifies. 

If the third-order polynomial heat capacity formulas in Table B.2 are used to determine 
Hi(T ac i) for each product species. Equation 9.6-4 becomes a fourth-order polynomial equation. 
Solving this equation for T ad is easily accomplished with a spreadsheet or equation-solving 
program. The next example illustrates the procedure. 


Calculation of an Adiabatic Flame Temperature 

Liquid methanol is to be burned with 100% excess air. The engineer designing the furnace must 
calculate the highest temperature that the furnace walls will have to withstand so that an appropriate 
material of construction can be chosen. Perform this calculation, assuming that the methanol is fed 
at 25°C and the air enters at 100°C, 

Basis: l mol CH^OH Burned 

Assume complete combustion. From Table B.l, 

CH 3 OH(l) + \ 0 2 — C0 2 + 2H,0(1): AH° = -726.6 kJ/mol 


1 mol CH 3 0H(1) 

— , 


nj(mol 0 2 ) 
3.76 «i(mol N 2 ) 

i6o°c 


FURNACE 


n 2 (mol C0 2 ) 
rt 3 (rnol H 2 0 (v)) 
n d (mo! 0 2 ) 
nttmol N 2 ) 

' r ad (°o 


Calculate Component Amounts («o : )theorencat = 1.50 mol 

n x = (2)(1.50 mol) = 3.00 mol O fed 

I 

(3.76 mol N 2 /mol 0 2 )(3.00 mol 0 2 ) = 11.28 mol N 2 fed 
Material balances yield 


n 2 = 1.00 mol CO z 
n 3 = 2.00 mol H 2 0 
«4 = 1.50 mol 0 2 
n 5 = 11.28 mol N 2 


’In the equation that follows, we make use of the fact that the tabulated values of presume a stoichiometric 
coefficient of 1 for the fuel species, so that h t may be substituted for £ = n f | v f | in Equation 9.5-2a. 
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Calculate Feed Component Enthalpies 

References: CH 3 OH(l), 0 2 , N 2 at 25°C 
CH 3 OH(l, 25°C): H = 0 

Air (100°C): H = 2.191 kJ/mol (from Table B.8) 

Evaluate the Right Side of Equation 9.6-4 

-n ,^ «.# = —(1-00 mol CH 3 OH) j~726.6 

+ (1.00 mol CH 3 OH) (o j + (14.28 mol air) ^2.191 ^ j 
= 757.9 kJ 

Calculate Enthalpy of Product Stream 

References: C0 2 (g), 0 2 (g), N 2 (g), and H 2 0(1) at 25°C. (Liquid water is assumed since this is the state 
for which A H c is known.) 

From Table B.2, the heat capacities of the product gases in kJ/(mol-°C) in terms of T(°C) are 
(C p ) c o 2 = 0.03611 + 4.233 X 10~ s 7 - 2.887 X 10' 8 T 2 + 7.464 x 10~ i2 r 3 
(C p ) H2 0 ( g ) = 0.03346 + 0.688 x 10' 5 I + 0.7604 x 10~ 8 r 2 - 3.593 x 10” I2 T 3 
(C,) 0 , = 0.02910 + 1.158 x 10~ 5 r - 0.6076 x 10" 8 T 2 + 1.311 x 10~ 12 T 3 
(C p ) N , = 0.02900 + 0.2199 x 10" 5 T + 0.5723 x 10' 8 T 2 - 2.871 X 10~ !2 r 3 

We could integrate each of these formulas from the reference temperature of 25°C to the unknown 
r 3d to obtain expressions for each (W,) out , and then substitute in ^L. oat n t H,; however, we can save some 
calculation time by summing before integrating. Substituting the values of n, calculated previously 
and the tabulated heat capacities, and recalling that to calculate (//)H 2 o(g) we must first vaporize the 
liquid at 25°C (using Equation 9.6-2a for A// v ), we obtain 

]T n,C pi = 0.4378 + 9.826 X 10" 5 T + 4.178 X 10~ 8 T 2 - 30.14 X 10" 12 T 3 
y nA = n 3 (A// v ) Hj o + f * (y n-,c p \ dT 

out jZ5°C > 

= 88.026 + 0.4378T ad + 4.913 x 10" 5 r 2 d + 1.393 x KT 8 T 3 d 
- 7.535 x 10" 12 T a 4 d - 11.845 

I 

n,Hi = 76.18 + 0.4738r ad + 4.913 X 10' 5 T 2 d + 1.393 X 10" 8 T 3 d 
out - 7.535 X 10- 12 I 4 d 

Energy Balance 
From Equation 9.6-4 

n,H, = -n ( AH° nfi, = 757.9 kJ 

out in 

7.535 x 10~ l2 r 4 d - 1.393 X 10' 8 T 3 d - 4.913 x 10 _5 r 2 d - 0.4738T ad + 681.7 = 0 

This quartic equation may be solved using a spreadsheet, an equation-solving program, or a cal¬ 
culator programmed to solve polynomial equations. The solution is 


r ad = 1256°C 
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The hirnace walls will therefore never be exposed to a temperature greater than 1256°C as long as 
the feed and air properties remain the same. 


The adiabatic flame temperature is much greater when pure oxygen rather than air is fed 
to the reactor and is greatest when the fuel and oxygen are fed in stoichiometric proportion. 

TEST !• What is the adiabatic flame temperature of a fuel? 

YOURSELF 2. Suppose 7' ad is the adiabatic flame temperature calculated for a given fuel + air feed to a 

(Answers, p. 661) furnace. Give two reasons why the actual furnace temperature might be less than T ad . 

3. Why should the adiabatic flame temperature be much higher for a pure oxygen feed than 
for an air feed? 

9.6c Flammability and Ignition 

In this section and the one that follows, we discuss qualitatively what happens during the rapid 
chemical reaction between a fuel and oxygen. Along the way, we provide answers to the fol¬ 
lowing questions: 

1. What is a flame? Why are some flames blue and some yellow? 

2. If you light a match in a mixture of methane and air that contains 10% CH 4 by volume, the 
mixture will burn explosively, but if the mixture contains 20% CH 4 nothing will happen. 
Why? 

3. What is an explosion? What is the loud noise you hear when something explodes? 

4. Hydrogen and oxygen react explosively to form water, yet if you mix these two gases in a 
flask, nothing happens. Why not? 

We have so far in this text only considered the initial and final conditions in a chemical 
reactor, and not how long it may have taken to get from one to the other. When you study 
chemical reaction kinetics, you will learn that the rate of a reaction depends strongly on the 
reaction temperature; for many reactions, a temperature rise of only 10°C is enough to double 
the rate. 

Suppose a mixture of methane and air containing 10 mole% CH 4 is heated by a central 
heat source (e.g., an electrical coil) at atmospheric pressure, beginning at room temperature. 
Although methane reacts with oxygen 

CH 4 + 2 0 2 — CO : + 2 H 2 0 

the reaction proceeds at an immeasurably low rate at room temperature, and to an observer 
nothing would seem to be happening in the reactor. 

As the temperature increases, the rate of the oxidation reaction also increases, and mea¬ 
surable amounts of C0 2 and H 2 0 appear. However, if the heat source is turned off. the reac¬ 
tor temperature drops again—the rate at which heat is generated by the reaction alone is not 
enough to compensate for the rate at which heat is lost from the reaction zone. 

However, if the temperature at any point in the reactor reaches about 640°C or higher, the 
rate of heat generation by the reaction exceeds the rate of heat loss from the reaction zone. 
The gas adjacent to this zone is then heated above 640°C, causing the zone of rapid reaction to 
spread. The temperature of the gas rapidly rises by several hundred or even a thousand degrees 
in a fraction of a second; even if the heating source is turned off, the rate of heat generation 
by the now rapidly occurring reaction is enough to maintain the system at its high temperature 
until the reactants are exhausted. 

Combustion is defined as a rapid, high-temperature oxidation reaction. What happens 
in the reactor just described after the reaction rate accelerates dramatically is combus¬ 
tion, whereas the initial slow oxidation reaction between methane and oxygen to form 
C0 2 and H 2 0 and other reactions between these species, such as the formation reaction of 
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fnrmnlcleliYiie 

Ch* + Qj — HU HO + HiO 
hii? 301 classified as cambusliofli reactiona. 

The rapid itlflEiM in the tilt uT ujL oSid a li< >n rcKEjnfl when the rcdfliffl] IT! 15ft ure exceeds, 
n certain ■*m! , 'iiraiuoe is called Liiinrinn. :he i e m |Tur:i i liti± at which I hit phanemc i>o*i occurs is, 
call-ed ih-e Ifnlliwn iemfivriiliirr. and I he Lime between the ijtsiamwben the misliu-e ceaurks the 
Ignition Lempfrfttufc and the nmmenl r>f ignition is iJh,- Hiirn l#g. Tie igaiUcn lemperaium 
and lag are shown trere an a representative pkii of the temperature ol a fuel mixture thai is. 
being healed. 


—»■ ■— i||'ii||[n^I 


TimtHO 


Tbit; value i>t i he siptiiion icmperjiiure depends on a number of fJusp For a givon fud,. 
inpiudihg the fueJ-io-air ratio, the total pressure m Lhe reaeLor. and even Lhe reactor gjeumetry. 
For reiy giver fuel. rhere is r |r>weT limir tr> IhiS- qsjJtniity called Hus aiEldgutlhui teiitperalurF. 
Repivseniative values of this quantity Ear stotchjometric Juel-air mixtures at L ivim art -KJO^C 
for \ i<. 54U't tur CH^, and 515*C Eui C 2 H h . IgiiLtiotL Uas are typically u.L- ids in dur-atiMi and 
demise vvjih LTKur&rdrf tenrtptjFatHr* above lhe aumi|jni[ion iKrrtperntitpe. 

We saw in Section. 9:6b iha: the highesl aLtataable temperature in a combustion reaclion— 
lhe adiabatic flame Temps tanire—Jehads on ilw foel-lo-air TetifK and we suaied but did am 
pnivcj i hat i lm upper temperature liaut a a ptasaimun when die fuel and oxygen are present La 
aioichiometn: proportion. El die mixture Ls ctLher rich {had in excessh nr lenn I Qi in cxteMl, 
lhe udi&baiic flame temperature decrease 

There exist two values of the mole petcenl of fuel m a fuel-air tulxWtb— rht* rit- 

kan ILuinnmbitil v limit and lhe tipper nr rich Bmdftfitj Limii ibiil d^hie a ian^.e withka 
which setF-iLisiainiPg. combiisiion cart occur. J\ fitef-cir mi-uure whose composition fails ant- 
side these limits in incapable of igniting or fttpiWintf, *wn if txptistd .'r> a .••path tit flame. 
The cainpouiiioa ran^e between :lic two flamuiafci&tr Limits- is called the explosive rani’s uf the 
mixture, 

For example, the sluichicunerik pereeniaae of mediane in a midland-.ait mixture a 95 
pnole%- {Prove |[„) Experimentally, it is found that the lower flammability LLmil ur CK+’-eir 
matures, 3l E atm is approximately <% CH| and die uppel Bammability limit iS-flppfi’Xinuiteti, 1 
15% CHj. Tliuk ^ CHj-sir mixture enniaininj heLween 5% CFIj and 15% CH 4 mast be con¬ 
sidered a fire of explosioa hazard, while a mixture comj]ninE3% C'ELi may dc PjnsitJEemJ sale, 
aEid a mixture cordflidng,! 8% CM j may u,lso be eoiisidered safe as lop g ri% ix is- rtOi hroujjhl into 
eoniaci with additional axy^en. 

Flanimabiliiy limiLt t>r a number uC hytlr^ap I ion-air niistufes m e lisle J id tables oo 
pp. 26-^ aiid of fVry'j Cfietrikal F.nQinenri' l inr.dpoc-k (sec Foot note 3 V The 
values apply to an mdiaJ temperature of IS'C and a pressure r>| 1 nlm. 


EXAMPLE9.6-3 Ignition Temperature end EJammabilit? Limits 


b-opflne £35 sud inr axe to be mised arid ft-J io n curribusdon reactur. Thu ccimbtiseicm :i io te 
initiated with a gis larch. Determira the minimuin and niaxiuaarii percentages of prup*ne in Lhe 
Iced Lu Lbe rcraoUir und lhe Tmaimurn reyuuLil tempeT^turt: nE ih-t torch tiautc. 
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SOLUTtii\ F'rtTtfi Tuhle "2rt- til <rf Perry j Cht/rtittJ Engineer's Ilamlbuuk («e funfcuile 

Vlinirnum mok% JZYHa for cnrnhustion -■ 1.1% 

Mujcnmni miile% CjHi ftw mmbimjuji - 

Tht- tnreh flame pempeiacurd must be ii least a- high pi cbe autm-nnitioii tcmpeJ^tiLteoc j cenpane- 
air miKTure. ^hieli U-,m\ Tofcle Lh-HJ is jJSff C 


\f SI iquid i or a volatile snlid} is exposed to air. the vapor £jven vit could for m j comt>m.rJbte 
nature with ihe air adjacent in It, djid a spirit or maich Ju in the vicinity n: the liquid could: 
cause the misture to Lunik ■.■(• eKpiode. line 1 Jla^b pciil of a liquid ii the (anipetaiurc at <^h-.L n 
the liquid gives oil ennugh vapor to form no Ijjjii table onasturc with ^ jjr above :JlL . j CLud 
surfucE. The flush point i>r gawfline. foi extimpte. if, roughly —i2“L. and 1 hui tif etbanof ti j''C 
SO ihat these liquids craisttlule file fouaids at room tempci atone while tho fliih pomis of fuel 
oils vary tfom to J5*C mutina the liazaidH ^^Tci^lcd will tliL-te maleTiils consideTafrl* 
tesi 

I, Bridiv define the fn Homing terras-: lo> ignition, ibj au(oignilii>H temperature.. ci ignninn 
liijj. (d) danunubiLity limiTr. :if ;i liid-jtr mixture. tind iei rlnsn point of a Licii^j. 

- The flammahkliiy limits of merhaAe-jlr mixtures are 5% CHj jj}d 13% C] L Jd 1 atm. = nd 
l he iiu!ai.gnitTOTT tetnpcrahJlfi ts Mim 

t*l would happen if a tpari wem MTucfc in a raetJiine-Jif miidure ueatamin.? ID^ 

CHj ■' What about a (ma ture zentaining 20% CH 1 > 

IhJ Li a mElhane-air mixture Containing 2U% CH^ were he-ared ftjfdKFC. wotiid ihe coot- 
husiioiT reaetavrt take place. 1 Whit wuulo happen if tbua beat source we-j- .;rr.id off. 1 
10 Pure me th ane j clearI y nut -wubTH the explosive nie or mel hanc-aLr mL^-.iuc^ t d t ui 
pure m«Thane ii tsluwn out of a cylinder ima a nonm :ird a maich is hi ntdroy. a fame 
ts ohKervi*d that pej^iiis after die maich Is withdrawn. Hu^v is Ibis p^j^vThle 1 

^,(id Flamaii and DcLiinatiiTnh 

Suppose a cr>mbusiibk gs&-iur mixture is coatemed m an apert-cn^tj tubt, and a saicb or £ii- 

olhurignilion source is applied soune end of the lulod.TIjesas mis-.urc a: iliLTzTtd - ipii 

cvcntuqlEy igniiet, Hie mteme heaL gt;ne;rnled by ihe combustloci renfiion Faises -„~e cbecaca] 
species Termed duratiy the reaction tn liith enuray Males. When ihe« ^p^cies rel-j —l lo ,.y* er 
stages, some uT the energy rhey lose is pyca pfTin ihe fonn ot lighi. He r^uli .s s visible 
iEame acennnpartying the ^mbirsLion. 

IrntLalJy the flame is Joaatied at ihe end uf rhe Lube Thai was ijijiiied. Hew eve. :!u "]diT of 
CflmbuaiKm quickly raises the adjacent unluirned gai to ill leniliur. pumr.cauimj Lie rir.'c to 
■“■ fiavcl" toward the other en<f ot ihe tube. Al some ptNtiL, the tubd ^.ppccus ^s fodowr- 


fESl 

VOLR5ELF 
[Answers, ^ ft&H 



End EvigiTJlIr in.^i 

CH'^HlJf-tiralucn. hif. r 

—■ SMtiinn enm—rimt 
- earn -’Him* iirni 

-Unciirr^d i'lhI and (lr. , r 


The flame Front moves :n the d [Ration of she unbumed gates at □ vu-ki^Ly l j..‘cc :r. - Jtame 
uluniy. which lypiuiilly .uis a vnjue nf nj m ] m,s. ITio ejit.cl vaLpi ui the Borne v^.octrv ii 
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pend* mu ii number ut Lhmg.y indiiding ijte type of fuel, fueUtp-fllT raiin, initial LcmpeFnlkiTE 
and pressure of the unbumed gase-s. and ih.tr geometry of ihe corobuslion 

Suppose nuw ihM irtsieaii of (hulii iiaiboary in the lube. the combustion mixture is fcd 
cynlmuonsly into lhe bar tom fas in n Buiraen banter). jiid tlte i«p is ignited. If the- veloeily with 
which the gases leave Lhe tube equals lhe velncilv wiih which lhe fIj me would travel down hi a 
stalsonary zas. a stationary Haunt- Is achieved at the top. llid w^Jl of the iuhe Imwers i he ilnnv’ 
sl-Lucuji, sl? ihal ihe; Hums buxiu at lhe end but dora not penetrate into ihe rube. 



if Lhe gas flow rate is incrcused, the dime si?;e and flirt of heat ^neTiiticj-n both mcica&e, 
vmotr a larger quantity uf gn* is be in c burned- HowfVsr, once List flow tare loaches j Lniuuil 
value-, the liam-e car no Longer travel baei as fast as rite cuinbusEjon region is inanspcrrletl nwai- 
from lhe hunter, [lie gases m the combustion rejCKMi become intreaiinglv diluted with air, until 
She region finally falls ctiiside th*? llammahrliiy IJm.il? and Lhe lire is Literally blown out. 

On lhe other hand, d the ^as flow rate to the burpej mbe is decreased, lhe gas ■velocity 
fii I lie tube may become tuwei ihim the llame propagation velocity in the tubs. The result is 
llasltlhick.—th« Rente travels back through Lhe lube loward the fuel source. Flashback is ci- 
treiriely dangerous and any Flow system involving com nustLh|c gases rrjust b*£ designed 10 EUilt- 
untcc ihat the flow rate stay* above the flame propagation velocity. 

When combut-tLon ot a *V£ilnsixeJ rusS ujt mneiur; occurs, the fuel rapidly ocacis wiLh 
u*ygjen inform a number at unstable intermediate species [such asostyiwn and hydrogen iUbbtf, 
and OH and. H z O radkftls\ which I hen proceed through 3 mraplicaEcd chain mechanism Ld 
farm COj and HgO, Some of ihore species -undergo transitions fhfll cause them COenul iadiat»flft 
whose wnvekiffrh falls within the blue region of lhe visible spectrum. Thu result is that ibe 
dame appears bloc. 

On the <>(hcr band .when the fuel and aii are not well mined (such when a pure hydrocar¬ 
bon gas Is burned as it emerges from a Stack and mixes with. atmospheric airj. Lie combustcoU 
proceeds relatively slowly, and some nf (he hydrocarbon fuel decomposes lu Lmtit elementary 
cafbort and: hydrogtij; htsfafH oudnlion takn placu The heal of reaction is auffieicfif In raise 
Ihe L-smper&tiJre Li> a point where the earho-n partictes glow illCOOdeKendy. A yellow flam-e i&- 
the result 

Finally.itipfiissi: ignition nf n gas takes place in. a coutmeii or purtLoJIy ettnflmd spaa?;. The 
Im-ge temperature rise in the pamhpstLoci region causes a r^pid buildup ot pressure in LhiS re- 
fii,. hi . If Thecotnbu-viiun is Fast enough and the heat <>l reaction is hjghe.aouj;h ;i deiitnniinu nuiy 
result, wherein a sharply d-dined hiah-prcwurc ft^ni. < r ihiKti wave, travels tlusiugli the yis sd 
it velocity Well In eicess at The Hamc propagation velocity Ln Lhe ga*, I lie shock wava jrapritly 
compresses anil i^ni!i-\ (he o-'jv j-; il passes, ihioiafjh giving rhe appearance of an iiiKCainiqiuions 
combustion, 
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TEST 

YOURSELF 

lAnsm 1 ^ [i t>f> 1 ) 


%t SUMMARY 


Evert afiaf rhe eomibuiiion readier (Jim. gave i,ise te the detonation ha* consumed :i|] the 
available fuel, ihe shock wave can persatt lor large dta&ftecs, auryinji wtrli ii L-onsidmfcJD en¬ 
ergy. [lie cntjjiy of even u *maiII shock w-jimc k Hiilhrieni ifl vLlifaca she eardrums oF Jeiyitow 
ieaF [tw sits oF (be detonation, producing chi bang, thun uJwflyri icvurapamej an cxpfrNion. The 
energy of A fare* ^.Fiuck wav* may t k sujiineni to (femolbh A wy. 

You axe fht; juetf lepinrer at n junior high school science Tuir. The Following quasitons ate put 
10 you. Hurt rt'.^uLd you answer idem Li rerms on intelligent U-yefli-uld mi^ht 1111(360101^ 

I. Wlui ii a fUlinc? 

% What is a yellow name':' A blue flame7 

3. What is detenquon’ What is the toua notse you Fiftij when sonic cbin^ eitplMtes? What is 
it I ha: knocks buildings tmct whoii dynamite kactotT Hijw does a gun work? 

J. iThis (Kir is from une uf I he lienee kuchcrx who lhouuht Ihtv should h.ivrt asked i/m 
*Q give the Jccrure. | You iav that hydrtj^er, nnd oxygen reyrr eapio^ivelv ro form waier. 
Why is ii Ihttt 1 tun mis hydrogen and digged in a flask and inn h ink *ill happen ? [funr: 
Reread rhe (MsgltieirAg id Section 'lac } 


I -srei: i nternat * neigY and enthalpy diiui ych m l? i t\ i en associated with chemical reactions* lead¬ 
ing to substantia] heat transfer (heasingcw coolm^j requirement! for chemifil rcoLlors This 
chapter outlines methods oteafatiJmriigA/f Joe open reactive systems and M: and hi? tor dosed 
-tyhioms- Orte the appropriate quantity has Ih.-eii LteienniniriL il may he substituted into the ett- 
eray balance 1o determine ihe TUquiieii teal LratisteT. 

■ Thu he Jl of reaction | or i3flili»l|J_i of re jfl nm J, A fi, \ T. p). is the «ultH I pv Chang*! when bioi- 
diioraetnc quantities of reactants at temparmutij r nnd pressure fare consumed ccmpteiek- 
to form product* at trie tame temperature and pressure. TIsl- siiiiidiircj heal id reaction, A f}'\ 
is The heat ot reunion at a specified refere-ric* tentperaUire and pressure, in this icxt25 p C and: 
| aim At Fow to- moderate pressiircs. the hear of reliction is nearly independent of P. 

Fut example. the standard, hen I ol reaction for the complete CLuiihuhiipn uf mediant: is 

aUi& + 2 Oj£g) CO ; f S ] + 2 HjOlIl: A/j r ° - - 3 'M 3 ciymol 
which signLlles Lhdl tf J D-moicnf pas-ou's meihane Bnd 1 g-moLcs ol gaseous oxygeo at 25‘^T 
and I aim Tflaei ec-rp.p:tfelv to fonn 1 g-molL- of ga^ou-H oarhuri Jiyxide nnd- 2 {•■moles of 
liquid water and Lhe pioduck ar^ hr^ugriT back to ZS'^C ono J atm, the net enthalpy ebiUI^ 
wcmld be Hi = -m.i kJ. lit Hie ercruyhaljjrteo icduees !fn(} = Atf.S 4 i> 3 of heal wouid 
haw :o [raoti^trcd a-way from ih^ reacra-j to keep ihc iriudLiois jl 25"C 
» ]| A/f, If, P)*- U. the reaction i5 ejiftliurmrc al T and P\ Jess energy ib required tn break (he 
bonds hi.iliiir,^ rhis rfijcri[)( moleculeslogethcr ihaii is reId^std wh^ii ih^proilucl b'^ivds form, 
resulljftg. in a nec leleose of energy 1 tu ch^ reaction piocceds. TIlLs trietgy may Ik Lfarufttied 
I rum Lhe reaclur 43 Ileal or it may serve UuatM rite temperature oE the reaction mix lure. 

* Similarly, if 1H T [T. P) > «. rha rpTiesiim is tndatheniiic: m<irir diterjtv kr«qu:r«d tohreak 
the reaccam borsdn than brekased when ihc piquet bonds form, leading to a net abstM-ptmn 
of energy ib inu rcsclioi proceeds LniL-xs this enetay b supplied iu the jeaewr as heat, the 
mixlure rarnp^raturc tfccreasei 

■• F'm^ided that ga^t?us reactants and produm* Khave ideally and the specific vdlumei oF 
liquid un d S^Ld reactants and products iirt; neglifiible eompaied; with ch« ipueifie volantes 
oc the ga^x, die tniunul energy of ntatikn may he eiilL-alared fixim Equaimn 9 .J-a. (Tliis 
quantity m requited Eiirepiir^ bitbni-re^ od cousrunt-vuluiiie hatch reanori. i 

* Accordi ng to I less’* law, it a skHEUanHiric fiqtmtion for a reaction eah be obtained g; 4 
linear combiinatiou of (li*i uquatiritis for rihei reacuims (i t , r by adding: and suhlTFiriim^ ihiyse 
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equations), the heat of the first reaction can be calculated as the same linear combination of 
the heats of the other reactions. 

• The standard heat of formation of a species, AH?, is the heat of the reaction in which one mole 
of the species is formed from its constituent elemental species in their naturally occurring 
states at 25 C and 1 atm. Standard heats of formation of many species are listed in Table B.l 

• A consequence of Hess’s law is that the standard heat of any reaction may be calculated as 

AH? = 2> ( AH? 

where v t is the stoichiometric coefficient of reactant or product species i (positive for prod¬ 
ucts, negative for reactants), and AH? is the standard heat of formation of that species. 

• The standard heat of combustion of a species, AH? , is the heat of the reaction in which 
one mole of the species undergoes complete combustion to form products in specified states. 
Standard heats of combustion of many species are listed in Table B.l, with the presumed com¬ 
bustion products being CO 2 , H 20 (l), SO 2 for species containing sulfur, and N 2 for species 
containing nitrogen. A consequence of Hess’s law is that the standard heat of any reaction 
involving only oxygen and combustible species may be calculated as 

As before, v; is the stoichiometric coefficient of species i. 

• When performing energy balances on a reactive chemical process, two procedures may be 
followed in the calculation of AH (or AH or AU) that differ in the choice of reference states 
for enthalpy or internal energy calculations. In the heat of reaction method, the references 
are the reactant and product species at 25°C and 1 atm in the phases (solid, liquid, or gas) for 
which the heat of reaction is known. In the heat of formation method, the references are the 
elemental species that constitute the reactant and product species [e.g., C(s), 0 2 (g), H 2 (g), 
etc.] at 25°C and 1 atm. In both methods, reference states for nonreactive species may be 
chosen for convenience, as was done for the nonreactive processes of Chapters 7 and 8. 

• The heat of reaction method may be slightly easier when only one reaction occurs and the 
heat of reaction is known. When this method is used, the specific enthalpy of each species in 
every feed or product stream is calculated by choosing a process path from the reference state 
to the process state, calculating AH for each heating and cooling step and each phase change 
in the path, and summing the enthalpies for the steps. When specific enthalpies have been 
calculated for all species in all of their inlet and outlet states, AH for a continuous process is 
calculated as 

AH = i AH? + 2 fuHi - X h-iHi 

out in 

In this equation, £ is the extent of reaction (determined from Equation 9.1-3); h\ and H t are 
respectively the molar flow rate and specific enthalpy of a process species in an inlet or outlet 
stream; and the summations are taken over all species in all of their inlet and outlet states. 
Once calculated, AH is substituted in the open-system energy balance, which is solved for Q 
or whichever other variable is unknown. 10 

• The heat of formation method is generally easier when there are multiple reactions. When 
this method is used, the specific enthalpy of a species in a feed or product stream is calculated 
by choosing a process path from the reference state (the elements at 25°C) to the process 
state, beginning with the formation of the species from the elements (AH = AH?): evaluating 
AH for each subsequent heating and cooling step and each phase change in the path; and 
summing the enthalpies for the steps (including the formation step). When specific enthalpies 
have been calculated for all species in all of their inlet and outlet states, AH is calculated for 


,0 If the system in question is a dosed system at constant pressure, the dots over variables would be deleted in 
the above formulas, and if the system is a closed system at constant volume, U would replace H. 
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an open system as 

AH = h,Hi - 2 A 

out in 

As before, the summations are taken over all species in all of their inlet and outlet states. 
Once calculated, A H is substituted in the open-system energy balance, which is solved for Q 
or whichever other variable is unknown (see footnote 10). 

• Sometimes the feed conditions and heat input to a reactor are specified (as in an adiabatic 
reactor) and the outlet temperature, T onl , is to be determined. The procedure is to derive 
expressions for the specific enthalpies of the reactor outlet species in terms of r ou t; substitute 
these expressions into the summation X ou t &i in the expression for AH', substitute in turn 
for AH(T oat ) in the energy balance, and solve the resuiting equation for T oui . 

• The standard heat of formation of a liquid solution is the sum of the standard heat of forma¬ 
tion of the solute and the standard heat of solution calculated using the methods of Section 
8.5. The standard heat of a reaction involving solutions may be determined as the weighted 
sum of the heats of formation of the reactants and products (including the solutions), with 
the weighting factors being the stoichiometric coefficients (positive for products, negative for 
reactants). An energy balance for a reactor in which solutions react or form may be written 
by taking the feed and product solutions at 25°C and 1 atm as references and using the heat 
of reaction method. 

• Combustion is a rapid high-temperature reaction between a fuel and oxygen. The higher 
heating value of a fuel is the negative of the standard heat of combustion of the fuel(-A$°) 
with HbOO) as a combustion product, and the lower heating value is the negative of the 
standard heat of combustion based on H20(v) as a product. The relationship between the 
two heating values is given by Equation 9.6-1. 

• The adiabatic flame temperature of a fuel is the temperature that would be attained if the 
fuel were burned in an adiabatic combustion chamber and all of the energy released went 
into raising the temperature of the reaction products (as opposed to being absorbed by or 
transferred through the reactor wall). 

• When the temperature of a combustible mixture exceeds a certain value, after a short time 
lag the rate of the reaction and the reaction temperature increase extremely rapidly. This 
phenomenon is called ignition, and the time interval after Tjgnition is reached and before the 
temperature increases sharply is the ignition lag. The lowest temperature at which ignition 
may occur for a fuel is the autoignition temperature of the fuel. 

• If the mole percentage of a fuel in a fuel-air mixture falls below a certain value (the lower 
flammability limit) or above another value (the upper flammability limit), the mixture will 
not ignite or explode, even if exposed to a flame or spark. The composition range between 

Tutorial 1 #! the flammability limits is called the explosive range of the mixture. 

Questions with 

immediate Feedback -*Note: This would be a good time to work through Interactive Tutorial #6. 



PROBLEMS 9,1. The standard heat of the reaction 

4 NHj(g) + 5 0 2 (g) — 4 NO(g) + 6 H 2 0(g) 
is 

AH° = -904.7 kJ/moi 

(a) Briefly explain what that means. Your explanation may take the form “When_(specify 

quantities of reactant species and their physical states) react to form_(quantities of prod¬ 
uct species and their physical state), the change in enthalpy is_” 

(b) Is the reaction exothermic or endothermic at 25 a C? Would you have to heat or cool the reactor to 
keep the temperature constant? What would the temperature do if the reactor ran adiabaticallv? 
What can you infer about the energy required to break the molecular bonds of the reactants and 
that released when the product bonds form? 
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(c) What is Atf r ° for 

2 NH 3 (g) + \ 0 2 — 2 NO(g) + 3 H 2 0(g) 

(d) What is AH° for 

NO(g) + \ H 2 0(g) — NH 3 (g) + | 0 2 

(e) Estimate the enthalpy change associated with the consumption of 340 g NH 3 /s if the reactants 
and products are all at 25°C. (See Example 9.1-1.) What have you assumed about the reactor 
pressure? (You don't have to assume that it equals 1 atm.) 

(f) The values of 1H° given in this problem apply to water vapor at 25°C and 1 atm, and yet the 
normal boiling point of water is 100°C Can water exist as a vapor at 25°C and a total pressure 
of 1 atm? Explain your answer. 

9.2. The standard heat of reaction for the combustion of liquid n-nonane to form C0 2 and liquid water 
at 25°C and 1 atm is AH r ° = -6124 kJ/mol. 

(a) Briefly explain what that means. Your explanation may take the form “When_(specify 

quantities of reactant species and their physical states) react to form_(quantities of prod¬ 
uct species and their physical state), the change in enthalpy is_” 

(b) Is the reaction exothermic or endothermic at 25°C? Would you have to heat or cool the reactor to 
keep the temperature constant? What would the temperature do if the reactor ran adiabatically? 
What can you infer about the energy required to break the molecular bonds of the reactants and 
that released when the product bonds form? 

(c) If 25.0 mol/s of liquid nonane is consumed and the reactants and products are all at 25°C, estimate 
the required rate of heat input or output (state which) in kilowatts, assuming that Q = A/f for 
the process. What have you also assumed about the reactor pressure in your calculation? (You 
don’t have to assume that it equals 1 atm.) 

(d) The standard heat of combustion of n-nonane vapor is A H° = -6171 kJ/mol. What is the phys¬ 
ical significance of the 47 kJ/mol difference between this heat of combustion and the one given 
previously? 

(e) The value of A H° given in part (d) applies to n-nonane vapor at 25°C and 1 atm, and yet the 
normal boiling point of n-nonane is 150.6°C. Can n-nonane exist as a vapor at 25°C and a total 
pressure of 1 atm? Explain your answer. 

9.3. The standard heat of the combustion reaction of liquid n-hexane to form C0 2 (g) and H 2 0(1), with 
all reactants and products at 77°F and 1 atm, is Afiff = -1.791 x 10 6 Btu/lb-mole. The heat of va¬ 
porization of hexane at 77°F is 13,550 Btu/lb-mole and that of water is 18,934 Btu/lb-mole. 

(a) Is the reaction exothermic or endothermic at 77°F? Would you have to heat or cool the reactor to 
keep the temperature constant? What would the temperature do if the reactor ran adiabatically? 
What can you infer about the energy required to break the molecular bonds of the reactants and 
that released when the product bonds form? 

(b) Use the given data to calculate Ai/°(Btu/lb-mole) for the combustion of n-hexane vapor to form 
C0 2 (g)and H 2 0(g). 

(c) If Q = A H, at what rate in Btu/s is heat absorbed or released (state which) if 120 lb m /s of 0 2 is 
consumed in the combustion of hexane vapor, water vapor is the product, and the reactants and 
products are all at 77°F? 

9.4. The standard heat of the reaction 

CaC 2 (s) + 5 H 2 0(1) — CaO(s) + 2 C0 2 (g) + 5 H 2 (g) 
is A H° = +69.36 kJ/mol. 

(a) Is the reaction exothermic or endothermic at 25°C? Would you have to heat or cool the reactor to 
keep the temperature constant? What would the temperature do if the reactor ran adiabatically? 
What can you infer about the energy required to break the molecular bonds of the reactants and 
that released when the product bonds form? 

(b) Calculate A 0° for this reaction. (See Example 9.1-2.) Briefly explain the physical significance 
of your calculated value. 

(c) Suppose you charge 150.0 g of CaC 2 and liquid water into a rigid container at 25°C, heat the 
container until the calcium carbide reacts completely, and cool the products back down to 
25°C, condensing essentially all the unconsumed water. Write and simplify the energy balance 
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equation for this closed constant-volume system and use it to determine the net amount of heat 
(kJ) that must be transferred to or from the reactor (state which). 

9.5. Use Hess’s law to calculate the standard heat of the water-gas shift reaction 

CO(g) + H 2 0(v) — C0 2 (g) + H 2 (g) 
from each of the two sets of data given here. 

(a) CO(g) + H 2 0(1) —* C0 2 (g) + H 2 (g): AH° = +1226 Btu/lb-mole 

H 2 0(1) —*• H 2 0(v): AH, = +18,935 Btu/lb-mole 

(b) CO(g) + | 0 2 (g) —■ C0 2 (g): AH° = -121,740 Btu/lb-mole 
H 2 (g) + i 02 (g) — H 2 0(v): AH° t = -104,040 Btu/lb-mole 

9.6. Formaldehyde may be produced in the reaction between methanol and oxygen: 

2 CH 3 OH(l) + 0 2 (g) — 2 HCHO(g) + 2 H 2 0(1): AH° = -326.2 kJ/mol 
The standard heat of combustion of hydrogen is 

H 2 (g) + \ 0 2 (g) —* H 2 0(1): AH° = -285.8 kJ/mol 

(a) Use these heats of reaction and Hess’s law to determine the standard heat of the direct decom¬ 
position of methanol to form formaldehyde: 

CH 3 OH(l) — HCHO(g) + H 2 (g) 

(b) Explain why you would probably use the method of part (a) to determine the heat of the 
methanol decomposition reaction experimentally rather than carrying out the decomposition 
reaction and measuring AH° directly. 

9.7. Use tabulated heats of formation (Table B.l) to determine the standard heats of the following re¬ 
actions in kJ/mol, letting the stoichiometric coefficient of the first reactant in each reaction equal 
one. 

(a) Nitrogen + oxygen react to form nitric oxide (NO). 

(b) Gaseous n-pentane + oxygen react to form carbon monoxide + liquid water. 

(c) Liquid n-hexane + oxygen react to form carbon dioxide + water vapor. After doing the calcu¬ 
lation, write the stoichiometric equations for the formation of the reactant and product species, 
then use Hess’s law to derive the formula you used to calculate AH°. 

(d) Liquid sodium sulfate + carbon monoxide react to form liquid sodium sulfide + carbon dioxide. 
(Note that Table B.l only lists the heats of formation of the solid sodium salts. To estimate the 
required heat of reaction, you will also need to use tabulated heats of fusion.) 

9.8. Trichloroethylene, a widely used degreasing solvent for machine parts, is produced in a two-step 
reaction sequence. Ethylene is first chlorinated to yield tetrachloroethane, which is dehydrochlori- 
nated to form trichloroethylene. 

C 2 H 4 (g) + 2 Cl 2 (g) — C 2 H 2 C1 4 (1) + H 2 (g): AH° = -385.76 kJ/mol 
C 2 H 2 CU(1) — C 2 HC1 3 (1) + HCl(g) 

The standard heat of formation of liquid trichloroethylene is -276.2 kJ/mol. 

(a) Use the given data and tabulated standard heats of formation of ethylene and hydrogen chloride 
to calculate the standard heat of formation of tetrachloroethane and the standard heat of the 
second reaction. 

(b) Use Hess’s law to calculate the standard heat of the reaction 

C 2 H,(g) + 2 02 (g) - C 2 HC1 3 (1) + H 2 (g) + HCl(g) 

(c) If 300 mol/h of C 2 HCI 3 O) is produced in the reaction of part (b) and the reactants and products 
are all at 25°C and 1 atm, how much heat is evolved or absorbed in the process? (Assume Q = 
AH.) 

9.9. The standard heat of combustion of gaseous acetylene is listed in Table B.l as -1299.6 kJ/mol. 

(a) In your own words, briefly explain what that means. (Your explanation should mention the ref¬ 
erence states used to define the tabulated heats of combustion.) 

(b) Use tabulated heats of formation to verify the given value of Af)°. 
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(c) Calculate the standard heat of the acetylene hydrogenation reaction 

C 2 H 2 (g) + 2H 2 (g) — C 2 H 6 (g) 

using (i) tabulated heats of formation and (ii) tabulated heats of combustion (Equation 9.4-1), 

(d) Write the stoichiometric equations for the combustion reactions of acetylene, hydrogen, and 
ethane, and use Hess’s law to derive the formula you used in part (c-ii). 

9.10. The standard heat of combustion (A H°) of liquid 2,3,3-trimethylpentane [CgHig] is reported in a 
table of physical properties to be -4850 kJ/mol. A footnote indicates that the reference temperature 
for the reported value is 25°C and the presumed combustion products are C0 2 (g) and H 2 0(g). 

(a) In your ow n words, briefly explain what all that means. 

(b) There is some question about the accuracy of the reported value, and you have been asked to 
determine the heat of combustion experimentally. You burn 2.010 grams of the hydrocarbon 
with pure oxygen in a constant-volume calorimeter and find that the net heat released when the 
reactants and products [C0 2 (g) and H 2 0(g)] are all at25°C is sufficient to raise the temperature 
of 1.00 kg of liquid water by 21.34°C. Write an energy balance to show that the heat released in 
the calorimeter equals /ic 8 h, 8 AU°, and calculate AU° (kJ/mol). Then calculate A/f°.(See Exam¬ 
ple 9.1-2.) By what percentage of the measured value does the tabulated value differ from the 
measured one? 

(c) Use the result of part (b) to estimate A H° for 2,3,3-trimethylpentane. Why would the heat of 
formation of 2,3,3-trimethylpentane probably be determined this way rather than directly from 
the formation reaction? 

9.11. n-Butane is converted to isobutane in a continuous isomerization reactor that operates isothermally 
at 149°C. The feed to the reactor contains 93 mole% n-butane, 5% isobutane, and 2% HC1 at 149°C, 
and a 40% conversion of n-butane is achieved. 

(a) Taking a basis of 1 mol of feed gas, calculate the moles of each component of the feed and 
product mixtures and the extent of reaction, £ (mol). 

(b) Calculate the standard heat of the isomerization reaction (kJ/mol). Then, taking the feed and 
product species at 25°C as references, prepare an inlet-outlet enthalpy table and calculate and 
fill in the component amounts (mol) and specific enthalpies (kJ/mol). (See Example 9.5-1.) 

(c) Calculate the required rate of heat transfer (kJ) to or from the reactor (state which it is). Then 
determine the required heat transfer rate (kW) for a reactor feed of 325 mol/h. 

(d) Use your calculated results to determine the heat of the isomerization reaction at 149°C, 
A/? r (149°C)(kJ/mol). 

9.12. In the production of many microelectronic devices, continuous chemical vapor deposition (CVD) 
processes are used to deposit thin and exceptionally uniform silicon dioxide films on silicon wafers. 
One CVD process involves the reaction between stlane and oxygen at a very low pressure. 

SiH4(g) + 02 (g) — Si0 2 (s) + 2 H 2 (g) 

The feed gas, which contains oxygen and silane in a ratio 8.00 mol 0 2 /mol SiH 4 , enters the reactor 
at 298 K and 3.00 torr absolute. The reaction products emerge at 1375 K and 3.00 torr absolute. 
Essentially ail of the silane in the feed is consumed. 

(a) Taking a basis of 1 m J of feed gas, calculate the moles of each component of the feed and product 
mixtures and the extent of reaction, f (mol). 

(b) Calculate the standard heat of the silane oxidation reaction (kJ/mol). Then, taking the feed and 
product species at 298 K (25°C) as references, prepare an inlet-outlet enthalpy table and cal¬ 
culate and fill in the component amounts (mol) and specific enthalpies (kJ/mol). (See Example 
9.5-1.) 

Data 

(A = -61.9 kJ/mol, (Afi?ho 2{i) = -851 kJ/mol 

(Cp) S iH 4 (g)[kJ/(mol-K)] = 0.01118 + 12.2 x 10~ 5 T - 5.548 x 10" s r 2 + 6.84 x 10" 12 T 3 

(C p )sio 2 (s)[kJ/(mol-K)] = 0.04548 + 3.646 x 10' 5 T - 1.009 x 10 3 /r 2 

The temperatures in the formulas for C p are in kelvin. 

(c) Calculate the heat (kJ) that must be transferred to or from the reactor (state which it is). Then 
determine the required heat transfer rate (kW) required for a reactor feed of 27.5 m 3 /h. 
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9.13. The production of most of the steel manufactured in the United States begins with the reduction of 
hematite ore (mostly ferric oxide) with coke (carbon) in a blast furnace to obtain pig iron. The basic 
reaction is 

Fe 2 0 3 (s) + 3 C(s) —> 2 Fe(s) + 3 CO(g): A/? r (77°F) = 2.111 x 10 5 Btu/lb-moie 

Suppose that stoichiometric amounts of ferric oxide and carbon are fed at 77°F, the reaction is 
complete, the iron emerges as a liquid at 2800T, and CO emerges at 570°F. Perform the following 
calculations for a basis of 1 ton of iron produced. 

(a) Draw and label a flowchart and perform ail the material balance calculations needed to deter¬ 
mine the amounts (lb-mole) of each feed and product stream component. 

(b) Taking the reactant and product species in their normal states at 77°F as references, prepare an 
inlet-outlet enthalpy table and calculate and fill in all unknown component specific enthalpies 
(Btu/lb-mole), Use the following physical property data for iron: 

Fe(s): C p (Btu/(lb-moie'°F)] = 5.90 + 1.50 x 10~ 3 T(°F) 

T m = 2794°F, AH m (r m ) = 6496 Btu/lb-mole 
Fe(l): C p [Btu/(lb-mole-°F)] = 8.15 

(c) Estimate the furnace heat requirement (Btu/ton Fe produced). 

(d) List the assumptions that make the value calculated in part (b) only an approximate estimate 
of the furnace heat requirement. (One of the assumptions has something to do with the reactor 
pressure.) 

9.14. Normal heptane is dehydrocvclicized to toluene and hydrogen in a continuous vapor-phase reaction: 

C 7 H i6 — C 6 H 5 CH 3 + 4 H 2 

Pure heptane at 400°C is fed to the reactor. The reactor operates isothermally at 400°C and the 
reaction goes to completion. Data: The average heat capacity of n-heptane beween 25°C and 400°C 
is 0.2427 kJ/(mol ■ °C). 

(a) Taking a basis of 1 mol of heptane fed, draw and label a flowchart. 

(b) Taking elemental species [C(s), H 2 (g)] at 25°C as references, prepare and fill in an inlet-outlet 
enthalpy table. (See Example 9.5-2.) 

(c) Calculate the required heat transfer to or from the reactor (state which it is) in kJ. 

(d) What is the heat of the heptane dehydrocyclization reaction (A H t ) at 400°C and 1 atm? 

9.15. The thermal decomposition of dimethyl ether 

(CH 3 ) z O(g) — CH 4 (g) + Hj(g) + CO(g) 

is to be carried out in an isothermal 2.00-liter laboratory reactor at 600°C. The reactor is charged 
with pure dimethyl ether at a pressure of 350 torr. After about two hours, the reactor pressure is 
875 torr. 

(a) Has the reaction proceeded to completion at the end of the two-hour period? If not, what per¬ 
centage of the dimethyl ether has decomposed? 

(b) Taking elemental species [C(s), H 2 (g), 0 2 (g)] at 25°C as references, prepare and fill in an inlet- 
outlet enthalpy table. (See Example 9.5-2.) Use tabulated data for methane, hydrogen, and car¬ 
bon monoxide, and the following data for dimethyl ether: 

A H° = -180.16 kJ/mol 

C p [J/(mol K)] = 26.86 + 0.1659T - 4.179 X 10 ~ S T 2 (T in kelvin) 

(c) Calculate A// r (600°C) and A(/ r (600°C) for the dimethyl ether decomposition reaction. 

(d) How much heat (kJ) was transferred to or from the reactor (state which it is) during the two- 
hour period of the reaction? 

9.16. Sulfur dioxide is oxidized to sulfur trioxide in a small pilot-plant reactor. S0 2 and 100% excess air 
are fed to the reactor at 450°C. The reaction proceeds to a 65% S0 2 conversion, and the products 
emerge from the reactor at 550°C. The production rate of S0 3 is 1.00 x 10 2 kg/min. The reactor is 
surrounded by a water jacket into which water at 25°C is fed. 

(a) Calculate the feed rates (standard cubic meters per second) of the S0 2 and air feed streams and 
the extent of reaction, £(kmol/s). 
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(b) Calculate the standard heat of the S0 2 oxidation reaction, A/? r °(kJ/moI). Then, taking molecular 
species at 25°C as references, prepare and fill in an inlet-outlet enthalpy table and write an 
energy balance to calculate the heat (kW) that must be transferred from the reactor to the 
cooling water. 

(c) Calculate the minimum flow rate of the cooling water if its temperature rise is to be kept below 
15°C. 

(d) Briefly state what would have been different in your calculations and results if you had taken 
elemental species as references in part (b). 

9.17. Carbon monoxide at 25°C and steam at 150°C are fed to a continuous water-gas shift reactor. The 
product gas, which contains 40.0 mole% H 2 ,40.0% C0 2 , and the balance H 2 0(v), emerges at 500°C 
at a rate of 2.50 SCMH (standard cubic meters per hour) and goes to a condenser. The gas and liquid 
streams leaving the condenser are in equilibrium at 15°C and 1 atm. The liquid may be taken to be 
pure water (no dissolved gases). 

(a) Calculate the percent excess steam fed to the reactor and the rate of condensation of the water 
(kg/h). 

(b) Calculate the rate (kW) at which heat must be transferred from the condenser. 

(c) Taking atomic species at 25°C as references, prepare and fill in an inlet-outlet enthalpy table 
and calculate the required rate of heat transfer (kW) to or from the reactor. 

(d) It has been suggested that the carbon monoxide feed stream could pass through a heat exchanger 
prior to entering the reactor and the reactor product gas could pass through the same heat 
exchanger before entering the condenser. Sketch and label a flowchart of the heat exchanger 
and state economic benefits that might result from its use. (Hint: Heating and cooling operations 
are both expensive.) 

*9.18. Metallic iron is produced in the reaction between ferrous oxide and carbon monoxide: 

FeO(s) + CO(g) —+ Fe(s) + C0 2 (g), = -16.480 kJ/mol 

The flowchart shown below depicts this process for a basis of 1 mol FeO fed at 298 K. 

QU) 


1 mol FeO(s) 



298 K * 



n 0 [mol C0(g)] 

Kfc.AU1 UK 

ndmol FeO(s)] 
n 2 [mol C0(g)J 

Tg(K) 



n 3 [mol Fets)] 
n 4 [mo! C0 2 (g)l 
71K) 


(a) We wish to explore the effects of the variables «q (the molar feed ratio of CO to FeO), To (the 
feed temperature of the carbon monoxide), X (the fractional conversion of FeO), and T (the 
product temperature) on Q (the heat duty on the reactor). Without doing any calculations, sketch 
the shapes of the curves you would expect to obtain for the following plots: 

(i) Let no = 1 mol CO fed/mol FeO fed, To = 400 K, and X = 1. Vary T from 298 K to 
1000 K, calculate Q for each T, and plot Q versus T. 

(ii) Let n 0 = 1 mol CO fed/mol FeO fed, T = 700 K, and X = 1. Vary To from 298 K to 
1000 K, calculate Q for each T 0 , and plot Q versus T 0 . 

(Hi) Let no = 1 mol CO fed/mol FeO fed, T 0 = 400 K, and T = 500 K. Vary X from 0 to 1, 
calculate Q for each X, and plot Q versus X. 

(iv) Let X = 0.5, T 0 = 400 K, and T = 400 K. Vary «o from 0.5 to 2 mol CO fed/mol FeO 
fed, calculate Q for each «q, and plot Q versus «<>• 
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Problems 481 

(b) Following is an inlet-outlet enthalpy table for the process: 


References: FeO(s), CO(g), Fe(s), C0 2 (g) at 25°C 


Substance 

(mol) 

tf in 

(kj/mol) 

^OUt 

(mol) 

“out 

(kJ/mol) 

FeO 

1.00 

0 


Hi 

CO 

«o 


«2 

Hi 

Fe 

— 

— 

«3 

Hi 

CO, 

— 

__ 

n 4 

Hx 


Write an expression for the heat duty on the reactor, 0(kJ), in terms of the n s and H's in the 
table, the standard heat of the given reaction, and the extent of reaction. £. Then derive expres¬ 
sions for the quantities £, n u n 2 , n 3 , and n 4 in terms of the variables n 0 and X. Finally, derive 
expressions for /?o as a function of To and for Hi, H 2 , H 3 , and H 4 as functions of T. in the larter 
derivations, use the following formulas for C p [kJ/(mol-K)] in terms of T(K) adapted from Table 
2-194 of Perry’s Chemical Engineers’ Handbook (see footnote 1): 

FeO(s): C p = 0.05280 + 6.243 x 10" 6 T - 3.188 x 10- T“ ; 

Fe(s): C p = 0.01728 + 2.67 x 10~ 5 T 

CO(g): C p = 0.02761 4- 5.02 x 10“ 6 T 

C0 3 (g): Cp = 0.04326 + 1.146 x 10“ 5 r - 8.180 x lO^T -2 

(c) Calculate the heat duty, g(kJ), for n 0 = 2.0 mol CO, T 0 = 350 K, T = 550 K. and .V = CCOO 
mol FeO reacted/mol FeO fed. 

(d) Prepare a spreadsheet that has the following format (a partial solution is given for one set of 
process variables): 


! Ferroi 

is oxi< 

ie re 

duction problem 













j 





FeO + CO —► 

Fe + C02 

I DHr= 

-16.480 

kJ/rnol 















nO 

TO 

X 

T 

Xi 

nl 

n2 

n3 

n4 

HO 

HI 

H2 

H3 H4 Q 

(mol) 

(K) 


(K) 

(mol) 

(mol) 

(mol) 

(mol) 

(mol) 

(kJ/mol) 

(kJ/mol) 

(kJ/mol) 

(kJ/mol) ikJmoIl <kJ* 

2 

350 

0.7 

550 

0.7 

0.3 

1.3 

0.7 

0.7 

1.520 

13.482 

... 

11 . wS 


1 












where DHr (— &// r ) denotes the standard heat of the FeO reduction reaction and Xi if) is the 
extent of reaction. Use the spreadsheet to generate the four plots described in pan tal. If the 
shapes of the plots do not match your predictions, explain why. 

9.19. Ethyl alcohol (ethanol) can be produced by the fermentation of sugars derived from grains and ether 
agricultural products. Some countries without large petroleum and natural gas reserves—such as 
Brazil have found it profitable to convert a portion of their abundant grains to ethanol for blending 
with gasoline as an octane enhancer or for use as a feedstock in the synthesis of other chemicals. 

In one such process, a portion of the starch in corn is converted to ethanol in rwo consecu¬ 
tive reactions. In a saccharification reaction, starch decomposes in the presence of certain enzymes 
(biological catalysts) to form an aqueous mash containing maltose (C 12 H 2: O n .a sugar) and several 
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other decomposition products. The mash is cooled and combined with additional water and a yeast 
culture in a batch fermentation tank (fermentor). In the fermentation reaction (actually a complex 
series of reactions), the yeast culture grows and in the process converts maltose to ethanol and car¬ 
bon dioxide: 


C 12 H 22 OH + H 2 0 — 4 QH 5 OH + 4 C0 2 

The fermentor is a 550,000 gallon tank filled to 90% of its capacity with a suspension of mash and 
yeast in water. The mass of the yeast is negligible compared to the total mass of the tank contents. 
Thermal energy is released by the exothermic conversion of maltose to ethanol. In an adiabatic 
operating stage, the temperature of the tank contents increases from an initial value of 85°F to 95°F, 
and in a second stage the temperature is kept at 95°F by a reactor cooling system. The final reaction 
mixture contains carbon dioxide dissolved in a slurry containing 7.1 wt% ethanol, 6.9 wt% soluble 
and suspended solids, and the balance water. The mixture is pumped to a flash evaporator in which 
C0 2 is vaporized, and the ethanol product is then separated from the remaining mixture components 
in a series of distillation and stripping operations. 

Data 

• One bushel (56 lb m ) of com yields 25 gallons of mash fed to the fermentor, which in turn yields 
2.6 gallons of ethanol. Roughly 101 bushels of com is harvested from an acre of land. 

• A batch fermentation cycle (charging the fermentation tank, running the reaction, discharging 
the tank, and preparing the tank to receive the next load) takes eight hours. The process operates 
24 hours per day, 330 days per year. 

• The specific gravity of the fermentation reaction mixture is approximately constant at 1.05. The 
average heat capacity of the mixture is 0.95 Btu/(lb m °F). 

• The standard heat of combustion of maltose to form C0 2 (g) and H 2 0(l) is A H° = -5649.1 
kJ/mol. 

(a) Calculate (i) the quantity of ethanol (lb m ) produced per batch, (ii) the quantity of water (gal) 
that must be added to the mash and yeast in the fermentation tank, and (iii) the acres of land 
that must be harvested per year to keep the process running. 

(b) Calculate the standard heat of the maltose conversion reaction, A/f°(Btu/lb-mole). 

(c) Estimate the total amount of heat (Btu) that must be transferred from the fermentor during the 
reaction period. Take only the maltose conversion into account in this calculation (i.e., neglect 
the yeast growth reaction and any other reactions that may occur in the fermentor), assume that 
the heat of reaction is independent of temperature in the range from 77°F (= 25°C) to 95®F, and 
neglect the heat of solution of carbon dioxide in water. 

(d) Although Brazil and Venezuela are neighboring countries, producing ethanol from grain for use 
as a fuel is an important process in Brazil and an almost nonexistent one in Venezuela. What 
difference between the two countries probably accounts for this observation? 

9.20, Ammonia is oxidized with air to form nitric oxide in the first step of the production of nitric acid. 
Two principal reactions occur: 


4 NH 3 + 5 0 2 —- 4 NO + 6 H 2 0 
2 NH 3 + | 0 2 —► N 2 + 3 H 2 0 


A flowchart of the reactor follows. 


100 mol NH 3 (g)/min 


25°C, 8 bar 


900 mol air/min 
0.21 0 2 
0.79 N 2 
150 o C, 8 bar 


REACTOR 

mun 


<2(kJ/min) 


Product gas: 70QX, 8 bar 
90 mol NO/min 
150 mol H 2 0(v)/min 
716 mol Nj/min 
69 mol O^min 
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(a) Taking elemental species [N 2 (g), H 2 (g), 0 2 (g)] at 25°C as references, prepare and fill in an inlet- 
outlet enthalpy table. 

(b) Calculate the required rate of heat transfer to or from the reactor in kW. 

(c) What would have been different in your calculations and results in parts (a) and (b) if you had 
taken molecular species as references in part (a)? 

Ethanol is produced commercially by the hydration of ethylene: 

C 2 H 4 (g) + H 2 0(v) ^ C 2 H 5 OH(v) 

Some of the product is converted to diethyl ether in the undesired side reaction 
2 C 2 H 5 OH(v) — (C 2 H 5 ) 2 0(v) + H 2 0(v) 

The combined feed to the reactor contains 53.7 mole% C 2 H 4 ,36.7% H 2 Q and the balance nitrogen 
which enters the reactor at 310°C. The reactor operates isothermally at 310°C. An ethylene conver- 
si ° n ^ 5% is achieved, and the yield of ethanol (moles ethanol produced/mole ethylene consumed) 

Data for Diethyl Ether 

AH° - —272.8 kJ/mol/or the liquid 

AH„ = 26.05 kj/mol (assume independent of T) 

C p [kJ/(mol-°C)] = 0.08945 + 40.33 X tO~ 5 T(°C) - 2.244 X 10' 7 T 2 

(a) Calculate the reactor heating or cooling requirement in kJ/mol feed. 

(b) Why would the reactor be designed to yield such a low conversion of ethylene? What process¬ 
ing step (or steps) would probably follow the reactor in a commercial implementation of this 
process? 

Benzaldehyde is produced from toluene in the catalytic reaction 

C 6 H 5 CHj + 0 2 — CftHsCHO + H 2 0 

Dry air and toluene vapor are mixed and fed to the reactor at 350°F and 1 atm. Air is supplied in 
100% excess. Of the toluene fed to the reactor, 13% reacts to form benzaldehyde and 0.5% reacts 
with oxygen to form C0 2 and H 2 0. The product gases leave the reactor at 379°F and 1 atm. Water 
is circulated through a jacket surrounding the reactor, entering at 80°F and leaving at 105°F. During 
a four-hour test period, 29.3 lb m of water is condensed from the product gases. (Total condensation 
may be assumed.) The standard heat of formation of benzaldehyde vapor is -17,200 Btu/lb-mole; 
the heat capacities of both toluene and benzaldehyde vapors are approximately 31 Btu/(lb-mole-°F); 
and that of liquid benzaldehyde is 46 Btu/(lb-mole-°F). 

(a) Calculate the volumetric flow rates (ft 3 /h) of the combined feed stream to the reactor and the 
product gas. 

(b) Calculate the required rate of heat transfer from the reactor (Btu/h) and the flow rate of the 
cooling water (gal/min). 

Lime (calcium oxide) is widely used in the production of cement, steel, medicines, insecticides, plant 
and animal food, soap, rubber, and many other familiar materials. It is usually produced by heating 
and decomposing limestone (CaCO^), a cheap and abundant mineral, in a calcination process: 

CaC0 3 (s)^CaO(s) + C0 2 (g) 

(a) Limestone at 25 C is fed to a continuous calcination reactor. The calcination is complete, and 
the products leave at 900°C Taking 1 metric ton (1000 kg) of limestone as a basis and ele¬ 
mental species [Ca(s), C(s), 0 2 (g)] at 25°C as references for enthalpy calculations, prepare and 
fill in an inlet-outlet enthalpy table and prove that the required heat transfer to the reactor is 
2.7 x 10° kJ. 

(b) In a common variation of this process, hot combustion gases containing oxygen and carbon 
monoxide (among other components) are fed into the calcination reactor along with the lime- 
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stone. The carbon monoxide is oxidized in the reaction 

CO(g) + i 02 (g) — C0 2 (g) 


Suppose 

• the combustion gas fed to a calcination reactor contains 75 mole% N 2 , 2.0% 0 2 , 9.0% CO, 
and 14% C0 2 ; 

• the gas enters the reactor at 900°C in a feed ratio of 20 kmol gas/kmol limestone; 

• the calcination is complete; 

• all of the oxygen in the gas feed is consumed in the CO oxidation reaction; 

• the reactor effluents are at 900°C. 

Again taking a basis of 1 metric ton of limestone calcined, prepare and fill in an inlet-outlet 
enthalpy table for this process [don’t recalculate enthalpies already calculated in part (a)] and 
calculate the required heat transfer to the reactor. 

(c) You should have found that the heat that must be transferred to the reactor is significantly lower 
with the combustion gas in the feed than it is without the gas. By what percentage is the heat 
requirement reduced? Give two reasons for the reduction. 

*9.24. A pair of gas-phase reactions with the following stoichiometric equations take place in a continuous 
reactor: 


A + B —* C 
2 C —* D + B 

The reactions of ethylene and water to form ethanol and of ethanol to form diethyl ether and water 
constitute such a reaction system. (See Problem 9.21.) 

(a) Suppose the reactor feed contains A, B, and inerts (I), with mole fractions xao^bo, and 
xio, respectively. Letting / A denote the fractional conversion of A (mol A consumed/mol A 
fed) and P c the yield of C based on consumption of A (mol C generated/mol A consumed), 
prove that for a basis of 1 mol of feed, the number of moles of each species at the outlet are as 
follows: 


«A ~ *A<)(1 ~ /a) 

«C = -Tao/aPc 
"D = 5(-*AG/a — He) 

= *80 ~ *Ao/a + «D 
Hi = *10 

(b) Write a spreadsheet to perform material and energy balance calculations for a basis of 1.00 mol 
feed. The program should take as inputs 

(i) the standard heats of formation (kJ/mol) of A(g), B(g), C(g), and D(g); 

(ii) the coefficients (a, b, c, d) of the formulas C p - a + bT + cT 2 + dT 3 for gaseous A, B, C, 
D, and I, where C p has units of kJ/(mol-°C); 

(iii) the feed and product temperatures, 7f(°C) and T P ( 0 C); 

(iv) * ao ,*bo,/a, and Pe¬ 
lt should generate an inlet-outlet enthalpy table based on elemental species at 25°C as refer¬ 
ences and then calculate the required heat transfer to or from the reactor, fi(kJ). The spread¬ 
sheet should be tested using the species and reactions of Problem 9.21 and should appear as 
shown below. (Some of the input data and calculated results are shown.) 


♦Computer problem. 
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where DHf ( = d// f °(kJ/mol)] denotes the standard heat of formation. 

(c) Use the program to calculate Q at the reactor conditions shown in the spreadsheet, then for a 
feed temperature of 125°C and all other input parameters the same. (The enthalpy table and the 
value of Q should automatically correct themselves as soon as you type in the new value of T ( .) 
Print out and turn in your program output for the second feed temperature 

(d) Run the program for several different values of r p , f A , and Y c . Summarize the effects of each 
of these parameters on Q and briefly explain why your results make sense. 

9.25. A gas mixture containing 85 mole% methane and the balance oxvgen is to be charged into an evac¬ 
uated well-insulated 10-liter reaction vessel at 25°C and 200 kPa. An electrical coil in the reactor, 

which delivers heat at a rate of 100 watts, will be turned on for 85 seconds and then turned off. 

Formaldehyde will be produced in the reaction 

CHL, + 0 2 —* HCHO + H 2 0 

The reaction products will be cooled and discharged from the reactor 

(a) Calculate the maximum pressure that the reactor is likely to have to withstand, assuming that 
there are no side reactions. If you were ordering the reactor, why would you specify an even 
greater pressure in your order? (Give several reasons.) 

(b) Why would heat be added to the feed mixture rather than running the reactor adiabatically? 

(c) Suppose the reaction is run as planned, the reaction products are analyzed chromatographically. 










486 Chapter 9 Balances on Reactive Processes 


• 

Equipment 

Encyclopedia 

reactor, heat 
exchanger, 
distillation 
column 


and some CO2 is found. Where did it come from? If you had taken it into account, would your 
calculated pressure in part (a) have been larger, smaller, or can’t you tell without doing the 
detailed calculations? 

9.26. Ethylene oxide is produced by the catalytic oxidation of ethylene: 

C 2 H 4 (g) + i 0 2 (g) — C 2 H 4 0(g) 

An undesired competing reaction is the combustion of ethylene to C0 2 . 

The feed to a reactor contains 2 mol C 2 H 4 /mol 0 2 . The conversion and yield in the reactor 
are respectively 25% and 0,70 mol C?H 4 0 produced/mol C 2 H 4 consumed. A multiple-unit process 
separates the reactor outlet stream components: C 2 H 4 and 0 2 are recycled to the reactor, C 2 H 4 0 
is sold, and C0 2 and H 2 0 are discarded. The reactor inlet and outlet streams are each at 450°C, 
and the fresh feed and all species leaving the separation process are at 25°C. The combined fresh 
feed-recycle stream is preheated to 450°C. 

(a) Taking a basis of 2 mol of ethylene entering the reactor, draw and label a flowchart of the com¬ 
plete process (show the separation process as a single unit) and calculate the molar amounts and 
compositions of all process streams. 

(b) Calculate the heat requirement (kJ) for the entire process and that for the reactor alone. 

Data for C 2 H i O (g) 

M f ° = -51.00 kJ/mol 

C p [J/(moI K)] = -4.69 + 0.2061T - 9.995 x 10~ S T 2 
where T is in kelvin. 

(c) Calculate the flow rate (kg/h) and composition of the fresh feed and the overall and reactor heat 
requirements (kW) for a production rate of 1500 kg C 2 H 4 0/day. 

9.27. Cumene (QHjCbH?) is produced by reacting benzene with propylene [A/?°(77°F) = -39,520 
Btu/lb-molej. 


Propylene 

Butane 



A liquid feed containing 75 mole% propylene and 25% n-hutane and a second liquid stream 
containing essentially pure benzene are fed to the reactor. Fresh benzene and recycled benzene, 
both at 77°F. are mixed in a 1:3 ratio (1 mole fresh feed/3 moles recycle) and passed through a heat 
exchanger, where they are heated by the reactor effluent before being fed to the reactor. The reactor 
effluent enters the exchanger at 400°F and leaves at 200°F, The pressure in the reactor is sufficient 
to maintain the effluent stream as a liquid. 

After being cooled in the heat exchanger, the reactor effluent is fed to a distillation column (Tl). 
All of the butane and unreacted propylene are removed as overhead product from the column, and 
the cumene and unreacted benzene are removed as bottoms product and fed to a second distillation 
column (T2) where they are separated. The benzene leaving the top of the second column is the 
recycle that is mixed with the fresh benzene feed. Of the propylene fed to the process, 20% does not 
react and leaves in the overhead product from the first distillation column. The production rate of 
cumene is 1200 lb m /h. 

(a) Calculate the mass flow rates of the streams fed to the reactor, the molar flow rate and compo¬ 
sition of the reactor effluent, and the molar flow rate and composition of the overhead product 
from the first distillation column, Tl. 

(b) Calculate the temperature of the benzene stream fed to the reactor and the required rate of heat 
addition to or removal from the reactor. Use the following approximate heat capacities in your 
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calculations: C p [Btu/(lb ra -°F)] = 0.57 for propylene, 0.55 for butane, 0.45 for benzene, and 0.40 
for cumene. 

9-28. Ethylbenzene is converted to styrene in the catalytic dehydrogenation reaction 
C«H t0 (g) — C«H 8 (g) + H 2 : A/? r °(600°C) = +124.5 kJ/mol 
A flowchart of a simplified version of the commercial process is shown here. 



Fresh and recycled liquid ethylbenzene combine and are heated from 25°C to 500°C @, and the 
heated ethylbenzene is mixed adiabatically with steam at 700°C (B)to produce the feed to the reactor 
at 600°C. (The steam suppresses undesired side reactions and removes carbon deposited on the 
catalyst surface.) A once-throughconversion of 35% is achieved in the reactor©, and the products 
emerge at 560°C. The product stream is cooled to 25°C (©, condensing essentially all of the water, 
ethylbenzene, and styrene and allowing hydrogen to pass out as a recoverable by-product of the 
process. 

The water and hydrocarbon liquids are immiscible and are separated in a settling tank decanter 
© The water is vaporized and heated ©to produce the steam that mixes with the ethylbenzene feed 
to the reactor. The hydrocarbon stream leaving the decanter is fed to a distillation tower ©(actually, 
a series of towers), which separates the mixture into essentially pure styrene and ethylbenzene, each 
at 25°C after cooling and condensation steps have been carried out. The ethylbenzene is recycled to 
the reactor preheater, and the styrene is taken off as a product. 

(a) Calculate on the basis of 100 kg/h styrene produced the required fresh ethylbenzene feed rate, 
the flow rate of recycled ethylbenzene, and the circulation rate of water, all in mol/h. (Assume 
P — 1 atm.) 

(b) Calculate the required rates of heat input or withdrawal in kJ/h for the ethylbenzene preheater 
(§), steam generator ©, and reactor (©. 

(c) Suggest possible ways to improve the energy economy of this process. 

Physical Property Data 

Ethylbenzene: (C„)ij quid = 182 J/(mol-°C) 

(A H v ) = 36.0 kJ/mol at 136°C 
(C ? )vapor[J/(mol-°C)] = 118 + 0.30r(°C) 

Styrene: (C,),^ = 209 J/(mol-°C) 

(A H v ) = 37.1 kJ/mol at 145°C 
(C P )v ap orfJ/(moPC)] = 115 +0.27T(°C) 

9-29. Formaldehyde is produced by decomposing methanol over a silver catalyst: 

CH 3 OH — HCHO + H z 

To provide heat for this endothermic reaction, some oxygen is included in the feed to the reactor, 
leading to the partial combustion of the hydrogen produced in the methanol decomposition. 
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The feed to an adiabatic formaldehyde production reactor is obtained by bubbling a stream 
of air at 1 atm through liquid methanol. The air leaves the vaporizer saturated with methanol and 
contains 42% methanol by volume. The stream then passes through a heater in which its temper¬ 
ature is raised to 145°C. To avoid deactivating the catalyst, the maximum temperature attained in 
the reactor must be limited to 600°C. For this purpose, saturated steam at 145°C is metered into the 
air-methanol stream, and the combined stream enters the reactor. A fractional methanol conver¬ 
sion of 70.0% is achieved in the reactor, and the product gas contains 5.00 mole% hydrogen. The 
product gas is cooled to 145°C in a waste heat boiler in which saturated steam at 3.1 bar is generated 
from liquid water at 30°C. Several absorption and distillation units follow the waste heat boiler, and 
formaldehyde is ultimately recovered in an aqueous solution containing 37.0 wt% HCHO. The plant 
is designed to produce 36 metric kilotons of this solution per year, operating 350 days/yr. 

(a) Draw the process flowchart and label it completely. Show the absorption/distillation train as a 
single unit with the reactor product gas and additional water entering and the formaldehyde 
solution and a gas stream containing methanol, oxygen, nitrogen, and hydrogen leaving. 

(b) Calculate the operating temperature of the methanol vaporizer. 

(c) Calculate the required feed rate of steam to the reactor (kg/h) and the molar flow rate and 
composition of the product gas. 

(d) Calculate the rate (kg/h) at which steam is generated in the waste heat boiler. 

9.30. The synthesis of ethyl chloride is accomplished by reacting ethylene with hydrogen chloride in the 
presence of an aluminum chloride catalyst: 

C 2 H4g) + HCl(g) C 2 H 5 Cl(g): AH t ( CPC) = -64.5 kJ/mo! 

Process data and a simplified schematic flowchart are given here. 


Product C 



Data 

Reactor: adiabatic, outlet temperature = 50°C 

Feed A: 100% HCl(g), 0°C 

Feed B: 93 mole% C 2 H 4 ,7% C 2 H*, 0°C 

Product C: Consists of 1.5% of the HC1,1.5% of the C 2 H 4 , and all of the C 2 H 6 that enter the reactor 

Product D: 1600 kg C 2 H 5 Cl(l)/h, 0°C 

Recycle to reactor: C 2 H5C1(1), 0°C 

C 2 H 5 C1: AH v = 24.7 kJ/mol (assume independent of T) 

(C P )c 2 H 5 ci(v)[kJ/(mol- 0 C)J = 0.052 + 8.7 x 10~ 5 r(°C) 

The reaction is exothermic, and if the heat of reaction is not removed in some way the reactor 
temperature could increase to an undesirably high level. To avoid this occurrence, the reaction is 
carried out with the catalyst suspended in liquid ethyl chloride. As the reaction proceeds, most of 
the heat liberated goes to vaporize the liquid, making it possible to keep the reaction temperature 
at or below 50°C. 

The stream leaving the reactor contains ethyl chloride formed by reaction and that vaporized 
in the reactor. This stream passes through a heat exchanger where it is cooled to 0°C, condensing 
essentially all of the ethyl chloride and leaving only unreacted C2H4, HC1, and C 2 H 6 in the gas phase. 
A portion of the liquid condensate is recycled to the reactor at a rate equal to the rate at which ethyl 
chloride is vaporized, and the rest is taken off as product. At the process conditions, heats of mixing 
and the influence of pressure on enthalpy may be neglected. 

(a) At what rates (kmoi/h) do the two feed streams enter the process? 

(b) Calculate the composition (component mole fractions) and molar flow rate of product stream C. 





Student 

Workbook 


Problems 489 

(c) Write an energy balance around the reactor and use it to determine the rate at which ethvl 
chloride must be recycled. 

(d) A number of simplifying assumptions were made in the process description and the analysis of 
this process system, so the results obtained using a more realistic simulation would differ consid¬ 
erably from those you should have obtained in parts (a)-(c). List as many of these assumptions 
as you can think of. 

9.31. Ammonia is oxidized in a well-insulated continuous reactor: 

4 NH 3 (g) + 5 02(g) — 4 NO(g) + 6 H 2 0(v): AH° = -904.7 kJ/mol 

The feed stream enters at 200 <> C and the products leave at temperature r out (°C). The inlet-outlet 

enthalpy table for the reactor appears as follows: 


References: NH 3 (g), 0 2 (g), NO(g), H 2 0(v) a i 25X. 1 atm 


Substance 

"in //in 

(mol/s) (kJ/mol) 

^out //out 

(mol/s) (kJ/mol) 

NH 3 (g) 

02 (g) 

NO(g) 

H z O(v) 

4.00 ^ 

6.00 H 2 

"3 Hi 

hi Hi 

hs Hi 


(a) Draw and label a process flowchart and calculate the molar amounts of the product stream com¬ 
ponents and the extent of reaction, £(mol/s). Fill in the values of h 3 , n 4 , and h 5 on the enthalpy 
table. 

(b) The energy balance for this reactor reduces to AH =*■ 0. Summarize the assumptions that must 
be made to obtain this result. 

(c) Calculate the values of H { and H 2 and write expressions for Hi, H 4 , and H 5 in terms of the outlet 
temperature. T om . Then calculate T om from the energy balance, using either a spreadsheet or a 
programmable calculator. (See Example 9.5-3.) 

(d) A design engineer obtained a preliminary estimate of the reactor outlet temperature using only 
the first terms of the heat capacity formulas in Table B.2. [For example, (Cp) NH , = 0.03515 
kJ/(mol-°C).] What value did she calculate? Taking the result of part (c) to be correct, de¬ 
termine the percentage error in T ou , that results from using the one-term heat capacity for¬ 
mulas. 

(e) The preliminary estimate of T oat was mistakenly used as the basis of the design and construction 
of the reactor. Was this a dangerous error from the standpoint of reactor safety or did it in fact 
lower the hazard potential? Explain. 

9.32. Coke can be converted into CO—a fuel gas—in the reaction 

C0 2 (g) + C(s) - 2 CO(g) 

A coke that contains 84% carbon by mass and the balance noncombustible ash is fed to a reactor 
with a stoichiometric amount of C0 2 . The coke is fed at 77°F, and the C0 2 enters at 400°F. Heat is 
transferred to the reactor in the amount of 5859 Btu/lb m coke fed. The gaseous products and the 
solid reactor effluent (the ash and unbumed carbon) leave the reactor at 1830T. The heat capacity 
of the solid is 0.24 Btu/(lb m -°F). 

(a) Calculate the percentage conversion of the carbon in the coke. 

(b) The carbon monoxide produced in this manner can be used as a fuel for residential home heat¬ 
ing, as can the coke. Speculate on the advantages and disadvantages of using the gas. (There are 
several of each.) 

9.33. The synthesis of methanol from carbon monoxide and hydrogen is carried out in a continuous vapor- 
phase reactor at 5.00 atm absolute. The feed contains CO and H 2 in stoichiometric proportion 
and enters the reactor at 25°C and 5.00 atm at a rate of 17.1 m 3 /h. The product stream emerges 
from the reactor at 127°C. The rate of heat transfer from the reactor is 17.05 kW. Calculate the 
fractional conversion achieved and the volumetric flow rate (m 3 /h)of the product stream. (See Ex¬ 
ample 9.5-4.) 
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9.34. Carbon disulfide, a key component in the manufacture of rayon fibers, is produced in the reaction 
between methane and sulfur vapor over a metal oxide catalyst: 

CH 4 (g) + 4 S(v) - CS 2 (g) + 2 H 2 S(g) 

AH t ( 700°C) = -274 kJ/mol 

Methane and molten sulfur, each at 150°C, are fed to a heat exchanger in stoichiometric proportion. 
Heat is exchanged between the reactor feed and product streams, and the sulfur in the feed is vapor¬ 
ized. The gaseous methane and sulfur leave the exchanger and pass through a second preheater in 
which they are heated to 700°C, the temperature at which they enter the reactor. Heat is transferred 
from the reactor at a rate of 41.0 kJ/mol of feed. The reaction products emerge from the reactor at 
800°C, pass through the heat exchanger, and emerge at 200°C with sulfur as a liquid. Use the heat 
capacity data given below to perform the following calculations. 

Heat capacities: C p [J/(mol-°C)] * 29.4 for S(l), 36.4 for S(v), 71.4 for CH 4 (g), 31.8 for CS 2 , and 
44.8 for H 2 S(g). 

(a) Estimate the fractional conversion achieved in the reactor. 

<b> Estimate the quantity of heat (kJ/mol feed) that must be transferred in the second preheater to 
bring the feed up to 700°C. 

(c) Suggest a method to improve the energy economy of the process. 

*9.35. The equilibrium constant for the ethane dehydrogenation reaction, 

QHoCg) ^ C 2 H 4 (g) + H 2 (g) 


is defined as 


K p ( atm) = WHIP 

*CjH 6 


where P(atm) is the total pressure and x, is the mole fraction of the ith substance in an equilib¬ 
rium mixture. The equilibrium constant has been found experimentally to vary with temperature 
according to the formula 

K P (T) = 7.28 X 10 6 exp[-17,000/T(K)] (1) 

The heat of reaction at 1273K is +145.6 kJ/mol, and the heat capacities of the reactive species may 
be approximated by the formulas 

(C,)c 2 h 4 = 9.419 + 0.11477XK) 

(C P ) H , = 26.90 + 4.167 x 10" 3 T(K) 

(C„)c 2Hft - 11-35 + 0.1392T(K) 

Suppose pure ethane is fed to a continuous constant-pressure adiabatic reactor at 1273 K and 
pressure P(atm), the products emerge at Tf(K) and P(atm), and the residence time of the reaction 
mixture in the reactor is large enough for the outlet stream to be considered an equilibrium mixture 
of ethane, ethylene, and hydrogen. 

(a) Prove that the fractional conversion of ethane in the reactor is 

K P 


[J/(molK)] 


/ = 


P + K c 


(b) Write an energy balance on the reactor, and use it to prove that 

1 


/ = 


l + d>(T f ) 


( 2 ) 


(3) 


where 


m) = 


Atf r (1273 K) - [(C p )c 3 h 4 + (C,)h 2 ] dT 


(CpkjHc dT 


(4) 


'Computer problem. 
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Finally, substitute for AH r and the heat capacities in Equation 4 to derive an explicit expression 
for <b(T f ). ■ • 

(c) We now have two expressions for the fractional conversion/: Equation 2 and Equation 3. If these 
expressions are equated, K p is replaced by the expression of Equation 1 , and 4>{T t ) is replaced 
by the expression derived in part (b), the result is one equation in one unknown. T f . Derive this 
equation, and transpose the right side to obtain an expression of the form 

*<Jt) = 0 (S) 

(d) Write a spreadsheet program to take P as input, solve Equation 5 for T t (use goaiseek), and 
determine the final fractional conversion, /. ( Suggestion: Set up columns for P, T u f K <j> 
and <£.) Run the program for P(atm) = 0 . 01 , 0 . 05 . 0 . 10 , 0 . 50 , 1 . 0 , 5 . 0 . and 10 . 0 . Plot T f versus 
P and / versus P, using a logarithmic coordinate scale for P. 

(e) Use a symbolic mathematics program or write a program in Fortran or some other language to 
perform the calculations of part (d). 

9.36. You are checking the performance of a reactor in which acetylene is produced from methane in the 

reaction 


2 CH*(g) - C 2 H 2 (g) + 3 H 2 (g) 

An undesired side reaction is the decomposition of acetylene: 

C 2 H 2 (g) -* 2 C(s) + H 2 (g) 

Methane is fed to the reactor at 1500°C at a rate of 10.0 mol CH 4 /s. Heat is transferred to the reactor 
at a rate of 975 kW. The product temperature is 1500°C and the fractional conversion of methane is 
0.600. A flowchart of the process and an enthalpy table are shown below. 


975 kW 



T 

Product at 1 SOQ'C 

Feed at 150Q°C 

DCiPTAD 

ti ; (mol CH,/s) 

10.0 mot CH 4 /s j 

K cAC1 UK 

ri 2 (mol C 2 H 2 /S) 
/i 3 (mot H 2 /s) 


ri 4 (mol C(s)/s) 


References: C(s), H 2 (g), at 25°C, 1 atm 


Substance 

rtj n 

(mol/s) 

(kJ/mol) 

flout 

(mol/s) 

Hout 

(kJ/mol) 

CH, 

10.0 

41.65 

fli 

Hi 

C 2 H 2 

— 

— 

th 

Ai 

h 2 

— 

— 

”3 

Hi 

c 

— 

— 


H, 


(a) Using the heat capacities given below for enthalpy calculations, write and solve material bal¬ 
ances and an energy balance to determine the product component flow rates and the yield of 
acetylene (mol C 2 H 2 produced/mol CH 4 consumed). 

CH4(g): C p = 0.079 kJ/(mol-°C) 

C 2 H 2 (g): C p » 0.052 kJ/(mol-°C) 

H 2 (g): C p = 0.031 kJ/(mol-°C) 

C(s): C p * 0.022 kJ/(mol-°C) 

For example, the specific enthalpy of methane at 1500°C relative to methane at 25°C is 10.079 
kJ/(mol-°C)](1500°C -25°C) = 116.5 kJ/mol. 

(b) The reactor efficiency may be defined as the ratio (actual acetylene yield/acetylene yield with 
no side reaction). What is the reactor efficiency for this process? 
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9.37. Hydrogen is produced in the steam reforming of propane: 

C 3 H 8 (g) + 3 H 2 0(v) -* 3 CO(g) + 7 H 2 (g) 

The water-gas shift reaction also takes place in the reactor, leading to the formation of additional 
hydrogen: 

CO(g) + H 2 0(v) - C0 2 (g) + H 2 (g) 

The reaction is carried out over a nickel catalyst in the tubes of a shell-and-tube reactor. The feed 
to the reactor contains steam and propane in a 6:1 molar ratio at 125°C, and the products emerge at 
800°C. The excess steam in the feed assures essentially complete consumption of the propane. Heat 
is added to the reaction mixture by passing a hot gas over the outside of the tubes that contain the 
catalyst. The gas is fed at 4.94 m 3 /mol C 3 H 8l entering the unit at 1400°C and 1 atm and leaving at 
900°C. The unit may be considered adiabatic. 


Heating gas 



Calculate the molar composition of the product gas, assuming that the heat capacity of the heating 
gas is 0.040 kJ/{mol-°C). 

9.38. In a coal gasification process, carbon (the primary constituent of coal) reacts with steam to produce 
carbon monoxide and hydrogen (synthesis gas ). The gas may either be burned or subjected to further 
processing to produce any of a variety of chemicals. 

A coal contains 10.5 wt% moisture (water) and 22.6 wt% noncombustible ash. The remaining 
fraction of the coal contains 81.2 wt% C, 13.4% O, and 5.4% H. A coal slurry containing 2.00 kg 
coal/kg water is fed at 25°C to an adiabatic gasification reactor along with a stream of pure oxygen 
at the same temperature. The following reactions take place in the reactor: 

C(s) + H,0(v) -* CO(g) + H 2 (g): AH° = +131.3 kJ/mol (1) 

C(s) + 0 2 (g) — C0 2 (g): = -393.5 kJ/mol (2) 

2H(in coal) + \ 0 2 {g) —* H 2 0(v): - -242 kJ/mol (3) 

Gas and slag (molten ash) leave the reactor at 2500°C. The gas contains CO, H 2 , C0 2 , and H 2 0. u 

(a) Feeding oxygen to the reactor lowers the yield of synthesis gas, but no gasifier ever operates 
without supplementary oxygen. Why does the oxygen lower the yield? Why it is nevertheless 
always supplied. (Hint: All the necessary information is contained in the first two stoichiometric 
equations and associated heats of reaction shown above.) 

(b) Suppose the oxygen gas fed to the reactor and the oxygen in the coal combine with all the 
hydrogen in the coal (Reaction 3) and with some of the carbon (Reaction 2), and the remainder 
of the carbon is consumed in Reaction 1. Taking a basis of 1.00 kg coal fed to the reactor and 
letting n 0 equal the moles of 0 2 fed, draw and label a flowchart. Then derive expressions for the 
molar flow rates of the four outlet gas species in terms of n 0 . (Partial solution: n» 2 = 51.5 - no-) 


u ln a real coal gasification reactor, sulfur in the coal would form hydrogen sulfide in the product gas. nitrogen 
in the coal would form N 2 , some of the carbon monoxide formed in the first reaction would react with steam to 
form carbon dioxide and more hydrogen, and some of the carbon in the coal would react with hydrogen to form 
methane. For simplicity, we are ignoring these reactions. 
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(c) The standard heat of combustion of the coal has been determined to be -21,400 kJ/kg, taking 
CO ? (g) and H 2 0(1) to be the combustion products. Use this value and the given elemental com¬ 
position of the coal to prove that the standard heat of formation of the coal is -1510 kJ/kg. Then 
use an energy balance to calculate n Q , using the following approximate heat capacities in vour 
calculation: 


Species 

O 

O 

O 

h 2 co 2 

H 2 0(v) 

Slag(l) 

C p [ kJ/(mol- c C)] 

0.0336 0.0332 

0.0300 0.0508 

0.0395 

_ 

C p [kJ/(kg-°C)] 

- - 

- - 

_ 

1.4 


Take the heat of fusion of ash (the heat required to convert ash to slag) to be 710 kJ/kg. 

939. Three cubic meters of a 1.00-molar aqueous sulfuric acid solution (SG = 1.064) is stored at 25 3 C. 
Use data in Tables B.l and B.ll to calculate the standard heat of formation of the solution in kj/mol 
H2SO4 relative to the solute elements and water, and the total enthalpy of the solution relative to 
the same reference conditions. 

9.40. Calculate the standard heat (kJ/mol) of the neutralization reaction between dilute hydrochloric acid 
and dilute sodium hydroxide solutions, taking the heat of solution of NaCl to be +4.87 kJ/mol. 
Then calculate the standard heat of the reaction between hydrogen chloride gas and solid sodium 
hydroxide to form solid sodium chloride and liquid water. What is the physical significance of the 
difference between the two calculated values? 

9.41. A 10.0 mole% aqueous sulfuric acid solution (SG = 1.27) is to be titrated to neutrality at 25°C with 

a 3.00-molar caustic soda (sodium hydroxide) solution (SG = 1.13): 

H 2 S0 4 (aq) + 2 NaOH(aq) Na 2 S0 4 (aq) + 2 H 2 0(1) 

(a) Calculate the required volume ratio (cm 3 caustic solution/cm 3 acid solution). 

(b) Calculate the standard heats of formation (kJ/mol solute) of each of the three solutions involved 
in this process, and the heat released (kJ/cm 3 acid solution neutralized) if the reactants and 
products are all at 25°C. The heat of solution of sodium sulfate is -1.17 kj/mol. Assume that 
Q - AH for the process. (See Example 9.5-5.) 

9.42. Most of the world’s chlorine and sodium hydroxide are obtained through the electrolysis of brine: 

NaCl(aq) + H,0(1) - \ H 2 (g) + i Cl 2 (g) + NaOH(aq) 

(a) Determine the standard heats of formation of NaCI(aq) and NaOH(aq) and then the standard 
heat of the brine electrolysis reaction. The standard heat of solution of NaCI is AH s (r = =c) = 
+4.87 kJ/mol NaCI. 

(b) Several years ago. the annual production of chlorine in the United States was roughly 8500 
metric kilotons. Calculate the energy requirement in MW-h/yr corresponding to this production 
rate, assuming that all of the chlorine is produced by electrolysis at 25°C and the required energy 
input equals AH for the process. 

9.43. You have been given the task of determining the standard heat of the reaction in which calcium 
chloride hexahydrate is formed from anhydrous calcium chloride: 

CaCl 2 (s) + 6 H 2 0(1) —* CaCl 2 • 6H : 0(s): AH° (kJ/mol) = ? 

By definition, the desired quantity is the heat of hydration of calcium chloride hexahydrate. You can¬ 
not carry out the hydration reaction directly, so you resort to an indirect method. You first dissolve 
1.00 mol of anhydrous CaCI 2 in 10.0 mol of water in a calorimeter and determine that 64.85 kJ of 
heat must be transferred away from the calorimeter to keep the solution temperature at 25°C. You 
next dissolve 1.00 mol of the hexahydrate salt in 4.00 mol of water and find that 32.1 kJ of heat must 
be transferred to the calorimeter to keep the temperature at 25°C. 

(a) Use these results to calculate the desired heat of hydration. (Suggestion: Begin by writing out 
the stoichiometric equations for the two dissolution processes.) 

(b) Calculate the standard heat of formation of CaCi 2 (aq, r = 10) in kj/mol CaCl, relative to Ca(s). 
Cl 2 (g), and H 2 0(1) at 25°C. 
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9.44. A dilute aqueous solution of suifurtc acid at 25°C is used to absorb ammonia in a continuous reactor, 
thereby producing ammonium sulfate, a fertilizer: 

2 NH 3 (g) + H 2 S0 4 (aq) - (NH 4 ) 2 S0 4 (aq) 

(a) If the ammonia enters the absorber at 75°C, the sulfuric acid enters at 25°C, and the product 
solution emerges at 25°C, how much heat must be withdrawn from the unit per mol of (NH4) S 0 4 
produced? (All needed physical property data may be found in Appendix B.) 

(b) Estimate the final temperature if the reactor of part (a) is adiabatic and the product of the 
solution contains 1.00 mole % ammonium sulfate. Take the heat capacity of the solution to be 
that of pure liquid water [4.184 kJ/(kg-°C)]. 

(c) In a real (imperfectly insulated) reactor, would the final solution temperature be less than, equal 
to, or greater than the value calculated in part (b), or is there no way to tell without more infor¬ 
mation? Briefly explain your answer. 

9.45. A 2.00 mo!e% sulfuric acid solution is neutralized with a 5.00 mole% sodium hydroxide solution in 
a continuous reactor. All reactants enter at 25°C. The standard heat of solution of sodium sulfate is 
-1.17 kJ/mol Na 2 S0 4 , and the heat capacities of all solutions may be taken to be that of pure liquid 
water [4.184 kJ/(kg ,0 C)]. 

(a) How much heat (kJ/kg acid solution fed) must be transferred to or from the reactor contents 
(state which it is) if the product solution emerges at 40°C? 

(b) Estimate the product solution temperature if the reactor is adiabatic, neglecting heat transferred 
between the reactor contents and the reactor wall. 

9.46. A 12.0-molar solution of sodium hydroxide (SG = 1.37) is neutralized with 75.0 mL of a 4.0 molar 
solution of sulfuric acid (SG = 1.23) in a well-insulated container. 

(a) Estimate the volume of the sodium hydroxide solution and the final solution temperature if both 
feed solutions are at 25°C. The heat capacity of the product solution may be taken to be that of 
pure liquid water, the standard heat of solution of sodium sulfate is -1.17 kJ/mol, and the energy 
balance reduces to Q = A H for this constant-pressure batch process. 

(b) List several additional assumptions you made to arrive at your estimated volume and tempera¬ 
ture. 

9.47. Ammonia scrubbing is one of many processes for removing sulfur dioxide from flue gases. The gases 
are bubbled through an aqueous solution of ammonium sulfite, and the S0 2 reacts to form ammo¬ 
nium bisulfite: 

(NH 4 ) 2 S0 3 (aq) + S0 2 (g) + H 2 0(1) - 2NH 4 HS0 3 (aq) 

Subsequent process steps yield concentrated S0 2 and regenerate ammonium sulfite, which is recy¬ 
cled to the scrubber. The sulfur dioxide is either oxidized and absorbed in water to form sulfuric acid 
or reduced to elemental sulfur. 

Flue gas from a power plant boiler containing 0.30% S0 2 by volume enters a scrubber at a rate 
of 50,000 mol/h at 50°C. The gas is bubbled through an aqueous solution containing 10.0 mole% 
ammonium sulfite that enters the scrubber at 25°C. The gas and liquid effluents from the scrubber 
both emerge at 35°C. The scrubber removes 90% of the S0 2 entering with the flue gas. The effluent 
liquid is analyzed and is found to contain 1.5 moles (NH4) 2 S0 3 per mole of NH 4 HS0 3 . The heat of 
formation of (NH 4 ) 2 S0 3 (aq) at 25°C is -890.0 kJ/mol, and that of NH 4 HSQ 3 (aq) is -760 kJ/mol. 
The heat capacities of all liquid solutions may be taken to be 4.0 J/(g-°C) and that of the flue gas may 
be taken to be that of nitrogen. Evaporation of water may be neglected. Calculate the required rate 
of heat transfer to or from the scrubber (kW). 

9.48. A natural gas is analyzed and found to consist of 87.5% v/v (volume percent) methane, 7.0% ethane, 
2.0% propane, and 3.5% N 2 (noncombustible). 

(a) Calculate the higher heating value and the lower heating value of this fuel in kJ/mol, using the 
heats of combustion in Table B.l. 

(b) Calculate the lower heating value of the fuel in kJ/kg. 

(c) State in your own words the meaning of the quantity calculated in part (b), 

9.49. An ultimate analysis of a coal is a series of operations that yields the percentages by mass of carbon, 
hydrogen, nitrogen, oxygen, and sulfur in the coal. The heating value of a coal is best determined 
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in a calorimeter, but it may be estimated with reasonable accuracy from the ultimate analysis using 

the Dulong formula: 

HHV(kJ/kg) = 33.801(C) + 144,158((H) - 0.125(0)] + 9413(S) 

where (C), (H), (O), and (S) are the mass fractions of the corresponding elements. The 0.125(0) 
term accounts for the hydrogen bound in the water contained in the coal. 

(a) Derive an expression for the higher heating value ( HHV) of a coal in terms of C, H, O. and S, 
and compare your result with the Dulong formula. Suggest a reason for the difference. 

(b) A coal with an ultimate analysis of 75.8 wt% C, 5.1% H, 8.2% 0,1.5% N, 1.6% S, and 7.8% ash 
(noncombustible) is burned in a power plant boiler furnace. All of the sulfur in the coal forms 
S0 2 . The gas leaving the furnace is fed through a tall stack and discharged to the atmosphere. 
The ratio d>(kg S0 2 in the stack gas/kJ heating value of the fuel) must be below a specified value 
for the power plant to be in compliance with Environmental Protection Agency regulations 
regarding sulfur emissions. Estimate <f>, using the Dulong formula for the heating value of the 
coal. 

(c) An earlier version of the EPA regulation specified that the mole fraction of S0 2 in the stack 
gas must be less than a specified amount to avoid a costly fine and the required installation of 
an expensive stack gas scrubbing unit. When this regulation was in force, a few unethical plant 
operators blew clear air into the base of the stack while the furnace was operating. Briefly explain 
why they did so and why they stopped this practice when the new regulation was introduced. 

9.50. A fuel gas is known to contain methane, ethane, and carbon monoxide. A sample of the gas is charged 
into an initially evacuated 2.000-liter vessel at 25°C and 2323 mm Hg absolute. The vessel is weighed 
before and after being charged, and the mass difference is found to be 4.929 g. Next, the higher 
heating value of the gas is determined in a calorimeter to be 841.9 kJ/mol. Calculate the molar 
composition of the gas. 

9.51. A fuel gas containing 85.0 mole% methane and the balance ethane is burned completely with pure 
oxygen at 25°C, and the products are brought back down to 25°C. 

(a) Suppose the reactor is continuous. Take a basis of calculation of 1 mol/s of the fuel gas, assume 
some value for the percent excess oxygen fed to the reactor (the value you choose will not affect 
the results), and calculate ~<3(kW), the rate at which heat must be transferred from the reactor. 

(b) Now suppose the combustion takes place in a constant-volume batch reactor. Take a basis of 
calculation of 1 mol of the fuel gas charged into the reactor, assume any percent excess oxygen, 
and calculate -Q(kJ). (Hint: Recall Equation 9.1-5.) 

(c) Briefly explain why the results in parts (a) and (b) do not depend on the percent excess 0 2 and 
why they would not change if air rather than pure oxygen were fed to the reactor. 

9.52. A mixture of air and a fine spray of gasoline at ambient (outside air) temperature is fed to a set 
of piston-fitted cylinders in an automobile engine. Sparks ignite the combustible mixtures in one 
cylinder after another, and the consequent rapid increase in temperature in the cylinders causes the 
combustion products to expand and drive the pistons. The back-and-forth motion of the pistons is 
converted to rotary motion of a crank shaft, motion that in turn is transmitted through a system of 
shafts and gears to propel the car. 

Consider a car driving on a day when the ambient temperature is 298 K and suppose that the 
rate of heat loss from the engine to the outside air is given by the formula 

,/kJ\ 15X10 6 

“ a lirj--n(Kr 

where T a is the ambient temperature. 

(a) Take gasoline to be a liquid with a specific gravity of 0,70 and a higher heating value of 49.0 
kJ/g, assume complete combustion and that the combustion products leaving the engine are at 
298 K, and calculate the minimum feed rate of gasoline (gal/h) required to produce 100 hp of 
shaft work. 

(b) If the exhaust gases are well above 298 K (which they are), is the work delivered by the pistons 
more or less than the value determined in part (a)? Explain. 

(c) If the ambient temperature is much lower than 298 K, the work delivered by the pistons would 
decrease. Give two reasons. 
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9.53. The heating value of a fuel oil is to be measured in a constant-volume bomb calorimeter. The bomb 
is charged with oxygen and 0.00215 lb m of the fuel and is then sealed and immersed in an insulated 
container of water. The initial temperature of the system is 77.00°F. The fuel-oxygen mixture is 
ignited, and the fuel is completely consumed. The combustion products are C0 2 (g) and H 2 0(v). 
The final calorimeter temperature is S7.06°F. The mass of the calorimeter, including the bomb and 
its contents, is 4.62 lb m , and the average heat capacity of the system (C„) is 0.900 Btu/(lb m °F). 

(a) Calculate A 0° (Btu/lb ra oil) for the combustion of the fuel oil at 77°F. Briefly explain your cal¬ 
culation. 

(b) What more would you need to know to determine the higher heating value of the oil? 

9.54. Methanol vapor is burned with excess air in a catalytic combustion chamber. Liquid methanol ini¬ 
tially at 25°C is vaporized at 1.1 atm and heated to 100°C; the vapor is mixed with air that has been 
preheated to 100°C, and the combined stream is fed to the reactor at 100°C and 1 atm. The reactor 
effluent emerges at 300°C and 1 atm. Analysis of the product gas yields a dry-basis composition of 
4.8% C0 2 ,14.3% 0 2 , and 80.9% N 2 . 

(a) Calculate the percentage excess air supplied and the dew point of the product gas. 

(b) Taking a basis of 1 g-mole of methanol burned, calculate the heat (kJ) needed to vaporize and 
heat the methanol feed, and the heat (kJ) that must be transferred from the reactor. 
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Methane at 25°C is burned in a boiler furnace with 10.0% excess air preheated to 100°C. Ninety 
percent of the methane fed is consumed, the product gas contains 10.0 mol C0 2 /mol CO, and the 
combustion products leave the furnace at 400°C. 

(a) Calculate the heat transferred from the furnace, -QCkW), for a basis of 1000 mol CH 4 fed/s. 
(The greater the value of -Q, the more steam is produced in the boiler.) 

(b) Would the following changes increase or decrease the rate of steam production? (Assume the 
fuel feed rate and fractional conversion of methane remain constant.) Briefly explain your an¬ 
swers. (i) Increasing the temperature of the inlet air; (ii) increasing the percent excess air for 
a given stack gas temperature; (iii) increasing the selectivity of C0 2 to CO formation in the 
furnace; and (iv) increasing the stack gas temperature. 
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9.56. A gaseous fuel containing methane and ethane is burned with excess air. The fuel enters the furnace 
at 25°C and 1 atm, and the air enters at 200°C and 1 atm. The stack gas leaves the furnace at 800°C 
and 1 atm and contains 5.32 mole% C0 2 ,1.60% CO, 7.32% 0 2 ,12.24% H 2 0, and the balance N 2 . 

(a) Calculate the molar percentages of methane and ethane in the fuel gas and the percentage excess 
air fed to the reactor. 

(b) Calculate the heat (kJ) transferred from the reactor per cubic meter of fuel gas fed. 

9.57. A coal contains 73.0 wt% C, 4.7% H (not including the hydrogen in the coal moisture), 3.7% S, 
6.8% H 2 0, and 11.8% ash. The coal is burned at a rate of 50,000 lb m /h in a power plant boiler with 
air 50% in excess of that needed to oxidize all the carbon in the coal to C0 2 . The air and coal are 
both fed at 77°F and 1 atm. The solid residue from the furnace is analyzed and is found to contain 
28.7 wt% C, 1.6% S, and the balance ash. The coal sulfur oxidized in the furnace is converted to 
S0 2 (g). Of the ash in the coal, 30% emerges in the solid residue and the balance is emitted with the 
stack gases as fly ash. The stack gas and solid residue emerge from the furnace at 600°F. The higher 
heating value of the coal is 18,000 Btu/lb m . 

(a) Calculate the mass flow rates of all components in the stack gas and the volumetric flow rate 
of this gas. (Ignore the contribution of the fly ash in the latter calculation, and assume that the 
stack gas contains a negligible amount of CO.) 

(b) Assume that the heat capacity of the solid furnace residue is 0.22 Btu/(lb m -°F), that of the stack 
gas is the heat capacity per unit mass of nitrogen, and 35% of the heat generated in the furnace 
is used to produce electricity. At what rate in MW is electricity produced? 

(c) Calculate the ratio (heat transferred from the furnace)/(heating value of the fuel). Why is this 
ratio less than one? 

(d) Suppose the air fed to the furnace were preheated rather than being fed at ambient tempera¬ 
ture. but that everything else (feed rates, outlet temperatures, and fractional coal conversion) 
were the same. What effect would this change have on the ratio calculated in part (c)? Explain. 
Suggest an economical way in which this preheating might be accomplished. 

9.58. A mixture of methane, ethane, and argon at 25°C is burned with excess air in a power plant boiler. 
The hydrocarbons in the fuel are completely consumed. The following variable definitions will be 
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used throughout this problem: 

x m = mole fraction of methane in the fuel 
x a - mole fraction of argon in the fuel 
Pxs(%) = percent excess air fed to the furnace 
T a (°C) = temperature of the entering air 
r s (°C) = stack gas temperature 

r = ratio of C0 2 to CO in the stack gas (mol C0 2 /mol CO) 

<2(kW) = rate of heat transfer from the furnace to the boiler tubes 

(a) Without doing any calculations, sketch the shapes of the plots you would expect to obtain for 
plots of Q versus (i) x m , (ii) x a , (iii) P xs , (iv) T a , (v) 7„ and (vi) r, assuming in each case that the 
other variables are held constant. Briefly state your reasoning for each plot. 

(b) Take a basis of 1.00 mol/s of fuel gas, draw and label a flowchart, and derive expressions for 
the molar flow rates of the stack gas components in terms of x ra , x 3 , p xs , and r. Then take as 
references the elements at 25°C, prepare and fill in an inlet-outlet enthalpy table for the furnace, 
and derive expressions for the specific molar enthalpies of the feed and stack gas components 
in terms of T a and 7 S . 

(c) Calculate (?(kW) for x m = 0.85 mol CH 4 /mol, x a = 0.05 mol Ar/mol, P X5 = 5%, r = 10.0 mol 
C0 2 /mol CO, T a = 150°C, and T s = 700°C. ( Solution: Q = -655 kW.) 

*(d) Prepare a spreadsheet that has columns for x m , x a , P^, T 3 , r, T $ , and Q, plus columns for any 
other variables you might need for the calculation of Q from given values of the preceding six 
variables (e.g., component molar flow rates and specific enthalpies). Use the spreadsheet to 
generate plots of Q versus each of the following variables over the specified ranges: 
x ro = 0.00-0.85 mol CH 4 /mol 
x a = 0.01-0.05 mol Ar/mol 

Pxs = 0%-100% 

F a = 25°C-250°C 

r = 1-100 mol C0 2 /mol CO (make the r axis logarithmic) 

T s = 500°C-1000°C 

When generating each plot, use the variable values given in part (c) as base values. (For example, 
generate a plot of Q versus x m for x a = 0.05, P xs = 5%. and so on, with x m varying from 0.00 to 
0.85 on the horizontal axis.) If possible, include the plots on the same spreadsheet as the data. 
9-59. A gas stream consisting of n-hexane in methane is fed to a condenser at 60°C and 1.2 atm. The dew 
point of the gas (considering hexane as the only condensable component) is 55°C. The gas is cooled 
to 5°C in the condenser, recovering pure hexane as a liquid. The effluent gas leaves the condenser 
saturated with hexane at 5°C and 1.1 atm and is fed to a boiler furnace at a rate of 207.4 L/s, where 
it is burned with 100% excess air that enters the furnace at 200°C. The stack gas emerges at 400°C 
and 1 atm and contains no carbon monoxide or unburned hydrocarbons. The heat transferred from 
the furnace is used to generate saturated steam at 10 bar from liquid water at 25°C. 

(a) Calculate the mole fractions of hexane in the condenser feed and product gas streams and the 
rate of hexane condensation (liters condensate/s). 

(b) Calculate the rate at which heat must be transferred from the condenser (kW) and the rate of 
generation of steam in the boiler (kg/s). 

9.60. In the preliminary design of a furnace for industrial boiler, methane at 25°C is burned completely 
with 20% excess air, also at 25°C. The feed rate of methane is 450 kmol/h. The hot combustion gases 
leave the furnace at 300°C and are discharged to the atmosphere. The heat transferred from the 
furnace (Q) is used to convert boiler feedwater at 25°C into superheated steam at 17 bar and 250°C. 

Use the following approximate heat capacities [kJ/(moI-°C)] in your solution of this problem: 
CIT»(g) = 0.0431, C0 2 (g) = 0.0423, H 2 0(g) = 0.0343, 0 2 (g) = 0.0312, N 2 (g) = 0.0297. 

(a) Draw and label a flowchart of this process [the chart should look like the one shown in part 
(b) without the preheater] and calculate the composition of the gas leaving the furnace. Then, 
using the given constant heat capacities, calculate the average molar heat capacity of the gas. 
(See Equation 8.3-13.) Finally, calculate Q(kJ/h) and the rate of steam production in the boiler 
(kg/h). 


’Computer problem. 
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(b) In the actual boiler design, the air feed at 25°C and the combustion gas leaving the furnace at 
300°C pass through a heat exchanger (the air preheater). The combustion (flue) gas is cooled to 
150°C in the preheater and is then discharged to the atmosphere, and the heated air is fed to the 
furnace. 



Calculate the temperature of the air entering the furnace (a trial-and-error solution is required) 
and the rate of steam production (kg/h). 

(c) Explain why preheating the air increases the rate of steam production. ( Suggestion: Use the 
energy balance on the furnace in your explanation.) Why does it make sense economically to 
use the combustion gas as the heating medium? 

9.61. A bituminous coal is burned with air in a boiler furnace. The coal is fed at a rate of 40,000 kg/h 
and has an ultimate analysis of 76 wt% C, 5% H, 8% O, negligible amounts of N and S, and 11% 
noncombustible ash (see Problem 9.49), and a higher heating value of 25,700 kJ/kg. Air enters a 
preheater at 30°C and 1 atm with a relative humidity of 30%, exchanges heat with the hot flue gas 
leaving the furnace, and enters the furnace at temperature T a ( a C). The flue gas contains 7.71 mole% 
C0 2 and 1.29 mole% CO on a dry basis, and the balance a mixture of 0 2 , N?, and H 2 0. It emerges 
from the furnace at 260°C and is cooled to 150°C in the preheater. Noncombustible residue (slag) 
leaves the furnace at 450°C and has a heat capacity of 0.97 kJ/(kg-°C). 



(a) Prove that the air-to-fuel ratio is 16.1 standard cubic meters/kg coal and that the flue gas contains 
4.6% H 2 0 by volume. 

(b) Calculate the rate of cooling required to cool the flue gas from 260°C to 150°C and the temper¬ 
ature to which the air is preheated. (Note: A trial-and-error calculation is required.) 

(c) If 60% of the heat transferred from the furnace (-Q) goes into producing saturated steam at 
30 bar from liquid boiler feedwater at 50°C, at what rate (kg/h) is steam generated? 

9.62. Carbon monoxide is burned with excess air at 1 atm in an adiabatic reactor. The reactants are fed at 
25°C and the final temperature (i.e., the adiabatic flame temperature) is 1400°C. 

(a) Calculate the percentage excess air fed to the reactor. 

(b) If the percentage excess air were increased, how would the adiabatic flame temperature change 
and why would it change in this manner? 

9.63. A natural gas containing 82.0 mole% CH 4 and the balance CjH^ is burned with 20% excess air in a 
boiler furnace. The fuel gas enters the furnace at 298 K, and the air is preheated to 423 K. The heat 
capacities of the stack gas components may be assumed to have the following constant values: 


0 

p 

C p = 50.0 J/(mol-K) 

H 2 0(v): 

C p = 38.5 J/(mol-K) 

0 2 : 

C p = 33.1 J/(mol*K) 

N 2 : 

C p = 31.3 J/(mol-K) 
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(a) Assuming complete combustion of the fuel, calculate the adiabatic flame temperature. 

(b) How would the flame temperature change if the percent excess air were increased? How would it 
change if the percentage of methane in the fuel increased? Briefly explain both of your answers. 

9.64. In a surface coating operation, a polymer (plastic) dissolved in liquid acetone is sprayed on a solid 
surface and a stream of hot air is then blown over the surface, vaporizing the acetone and leaving a 
residual polymer film of uniform thickness. Because environmental standards do not allow discharg¬ 
ing acetone into the atmosphere, a proposal to incinerate the stream is to be evaluated. 

The proposed process uses two parallel columns containing beds of solid particles. The air- 
acetone stream, which contains acetone and oxygen in stoichiometric proportion, enters one of the 
beds at 1500 mm Hg absolute at a rate of 1410 standard cubic meters per minute. The particles in 
the bed have been preheated and transfer heat to the gas. The mixture ignites when its temperature 
reaches 562°C, and combustion takes place rapidly and adiabatically. The combustion products then 
pass through and heat the particles in the second bed, cooling down to 350°C in the process. Period¬ 
ically the flow is switched so that the heated outlet bed becomes the feed gas preheater/combustion 
reactor and vice versa. 

Use the following average values for C p [kJ/(moi-°C)] in solving the problems to be given: 0.126 
for C 3 H 6 0,0.033 for 0 2 ,0.032 for N 2 ,0.052 for C0 2 , and 0.040 for H 2 0 (v). 

(a) If the relative saturation of acetone in the feed stream is 12.2%, what is the stream temperature? 

(b) Determine the composition of the gas after combustion, assuming that all of the acetone is 
converted to C0 2 and H 2 0, and estimate the temperature of this stream. 

(c) Estimate the rates (kW) at which heat is transferred from the inlet bed particles to the feed 
gas prior to combustion and from the combustion gases to the outlet bed particles. Suggest an 
alternative to the two-bed feed switching arrangement that would achieve the same purpose. 

9.65. Liquid n-pentane at 25°C is burned with 30% excess oxygen (not air) fed at 75°C. The adiabatic 
flame temperature is r ad (°C). 

(a) Take as a basis of calculation 1.00 mol C 5 H 12 O) burned and use an energy balance on the adi¬ 
abatic reactor to derive an equation of the form f(T^) = 0, where f(T at j) is a fourth-order 
polynomial (/(Tad) = cq + ciT ad + c 2 r ad 4- c 3 r^ d + c 4 r* d ]. If your derivation is correct, the ratio 
C 0 / C 4 should equal -6.892 X 10 14 . Then solve the equation to determine r ad . (This solution is 
easily obtained using the goalseek tool on a spreadsheet.) 

(b) Repeat the calculation of part (a) using successively the first two terms, the first three terms, 
and the first four terms of the fourth-order polynomial equation. If the solution of part (a) is 
taken to be exact, what percentage errors are associated with the linear (two-term), quadratic 
(three-term), and cubic (four-term) approximations? 

(c) Determine the fourth-order solution using Newton’s method (Appendix A.2), taking the linear 
approximation as the first guess and stopping when j/(r ad )| < 0 . 01 . 

(d) Why is the fourth-order solution at best an approximation and quite possibly a poor one? (Hint: 
Examine the conditions of applicability of the heat capacity formulas you looked up in Table 
B.2.) 

9.66. Methane is burned with 25% excess air in a continuous adiabatic reactor. The methane enters the 
reactor at 25°C and 1.10 atm at a rate of 5.50 L/s, and the entering air is at 150°C and 1.1 atm. 
Combustion in the reactor is complete, and the reactor effluent gas emerges at 1.05 atm. Calculate 
(a) the temperature and (b) the degrees of superheat of the reactor effluent. (Consider water to be 
the only condensable species in the effluent.) 

12 9.67. Methane and 30% excess air are to be fed to a combustion reactor. An inexperienced technician 
mistakes his instructions and charges the gases together in the required proportion into an evacu¬ 
ated closed tank. (The gases were supposed to be fed directly into the reactor.) The contents of the 
charged tank are at 25°C and 4.00 atm absolute. 

(a) Calculate the standard internal energy of combustion of the methane combustion reaction, 
Af/°(kJ/mol), taking C0 2 (g) and H 2 0(v) as the presumed products. Then prove that if the 
constant-pressure heat capacity of an ideal gas species is independent of temperature, the spe¬ 
cific internal energy of that species at temperature T(°C) relative to the same species at 25°C is 


l2 Modified version of a problem in D. A. Crawl, D. W. Hubbard, and R. M. Felder, Problem Set: Stoichiometry, 
AIChE Center for Chemical Process Safety, New York, 1993. 
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given by the expression 

U = (Cp~ R t )iT - 25°C) 

where R t is the gas constant. Use this formula in the next part of the problem. 

(b) You wish to calculate the maximum temperature, r ma ,(°C), and corresponding pressure, 
P max(a tm that the tank would have to withstand if the mixture it contains were to be acci¬ 
dentally ignited. Taking molecular species at 25°C as references and treating all species as ideal 
gases, prepare an inlet-outlet internal energy table for the closed system combustion process. 
In deriving expressions for each at the final reactor condition (T mu> P mm ), use the following 
approximate values for C>[kJ/(mol-°C)]: 0.033 for 0 2 ,0.032 for N 2 ,0.052 for C0 2 , and 0.040 for 
H 2 0(v). Then use an energy balance and the ideal gas equation of state to perform the required 
calculations. 

(c) Why would the actual temperature and pressure attained in a real tank be less than the values 
calculated in part (a)? (State several reasons.) 

(d) Think of ways that the tank contents might be accidentally ignited. The list should suggest why 
accepted plant safety regulations prohibit the storage of combustible vapor mixtures. 

*9.68. Natural gas that contains methane, ethane, and propane is to be burned with humid air. The adiabatic 

flame temperature is to be calculated from specified values of the following quantities: 


ycH 4 ,yc 2 H 6 ,yc 3 H 8 

r f ,r a 

P ,s 
ywo 


= mole fractions of fuel components 
= inlet temperatures of fuel and air, °C 
= percent excess air 
= mole fraction of water in the inlet air 


(a) Without doing any calculations, predict the direction of change (increase, decrease, no change) 
in the adiabatic flame temperature you would expect for an increase in (i) with yc 3 H 8 
held constant, (ii) T f , (iii) T a , (iv) P ss , and (v) y W o- Briefly state your reasoning for each vari- 
iable. 

(b) For a basis of 1 g-mole of natural gas, calculate the gram-moles of each molecular species in the 
feed and product streams, assuming complete combustion and negligible CO formation. The 
answer should be expressed in terms of the variables given above. 

(c) Given here are expressions for the specific enthalpies of the feed and product components, rel¬ 
ative to their elements at 25°C. 



H,( kJ/mol) = a t 

+ biT + dT 2 

+ dj 3 + e,T\ 

Tin °C 


Substance (i) 

a 

bx 10 2 

cxW 

dx 10 8 

e X 10 12 

(1)CH* 

-75.72 

3.431 

2.734 

0.122 

-2.75 

(2) C 2 H 6 

-85.95 

4.937 

6.96 

-1.939 

1.82 

(3) C 3 H 8 

-105.6 

6.803 

11.30 

-4.37 

7.928 

(4) N 2 

-0.7276 

2.900 

0.110 

0.191 

-0.7178 

(5)0 2 

-0.7311 

2.910 

0.579 

-0.2025 

0.3278 

(6) H 2 0(v) 

-242.7 

3.346 

0.344 

0.2535 

-0.8982 

(?) C0 2 

-394.4 

3.611 

2.117 

-0.9623 

1.866 


Derive the given expression for the specific enthalpy of methane from the heat capacity data in 
Table B.2. Then show that AH for the reactor is given by an expression of the form 

AH — ckq + a T r 4- a 2 T 2 + a^T 3 + cr 4 r 4 


’Computer problem. 
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where T is the product temperature, and 
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(d) Write a spreadsheet program to take as input values of >>ch 4 , vc,h s , T u T a , P XSt> and >vo- and to 
solve the energy balance equation [A//(7') = 0] to determine the adiabatic flame temperature. 
Run the program for the following sets of input variable values: 


Variable 

Run 1 

Run 2 

Run 3 

Run 4 

Run 5 

Run 6 

ycH 4 

0.75 

0.S6 

0.75 

0.75 

0.75 

0.75 

>c 3 h 8 

0.04 

0.04 

0.04 

0.04 

0.04 

0.04 

7>(°C) 

40 

40 

150 

40 

40 

40 

T a (°C) 

150 

150 

150 

250 

150 

150 


25% 

25% 

25% 

25% 

100% 

25% 

Two 

0.0306 

0.0306 

0.0306 

0.0306 

0.0306 

0.10 
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Suggestion: Near the top of the spreadsheet, enter the values of a,b,c,d , and e for each 
species: Starting several rows below the last of these entries, list in Column A labels for the 
input variables and all calculated variables (component molar flow rates, specific enthalpies, 
T ad , ao.aq,... ,<*4, A H), and enter in adjacent columns the corresponding values or formulas for 
these variables in successive runs. (Solution for Run 1: r ad = 1743.1°C.) 

(e) Write a computer program to carry out the above calculations using Newton’s rule (Appendix 
A.2), with an initial guess of 1000°C for each run. Build in a limit on the number of iterations in 
case the program fails to converge. 

9.69. Acetylene is produced by pyrolyzing—decomposing at high temperature—natural gas (predomi¬ 
nantly methane): 

2 CH 4 (g) - C 2 H 2 (g) + 3 H, 

The heat required to sustain this endothermic reaction is provided by feeding oxygen to the reactor 
and burning a portion of the methane to form primarily CO and some C0 2 . 

A simplified version of the process is as follows. A stream of natural gas, which for the purposes 
of this problem may be considered pure methane, and a stream containing 96.0 mole% oxygen and 
the balance nitrogen are each preheated from 25°C to 650°C. The streams are combined and fed 
into an adiabatic converter, in which most of the methane and all of the oxygen are consumed, and 
the product gas is rapidly quenched to 3S°C as soon as it emerges from the converter. The residence 
time in the converter is less than 0.01 s, low enough to prevent most but not all of the methane from 
decomposing to form hydrogen and solid carbon particles (soot). Of the carbon in the feed. 5.67% 
emerges as soot. 

The cooled effluent passes through a carbon filter in which the soot is removed. The clean gas 
is then compressed and fed to an absorption column, where it is contacted with a recycled liquid 
solvent, dimethylformamide, or DMF (MW = 73.09). The off-gas leaving the absorber contains 
all of the hydrogen and nitrogen, 98.8% of the CO, and 95% of the methane in the gas fed to the 
column. The “lean” solvent fed to the absorber is essentially pure DMF; the ’‘rich” solvent leaving 
the column contains all of the water and C0 2 and 99.4% of the acetylene in the gas feed. This solvent 
is analyzed and found to contain 1.55 mole% C 2 H 2 , 0.68% CO., 6.055% CO. 0.055% CHU. 5.96% 
H 2 0, and 91.7% DMF. 

The rich solvent goes to a multiple-unit separation process from which three streams emerge. 
One—the product gas —contains 99.1 mole% C 2 H 2 , 0.059% H 2 0. and the balance C0 2 ; the 
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second—the stripper off-gas —contains methane, carbon monoxide, carbon dioxide, and water; and 
the third—the regenerated solvent—is the liquid DMF fed to the absorber. 

A plant is designed to produce 5 metric tons/day of product gas. Calculate the following quan¬ 
tities. 

(a) The required flow rates (SCMH) of the methane and oxygen feed streams. 

(b) The molar flow rates (kmol/h) and compositions of the gas feed to the absorber, the absorber 
off-gas, and the stripper off-gas. 

(c) The DMF circulation rate (kmol/h). 

(d) The overall product yield (mol C 2 H 2 in product gas/mol CH 4 in the feed to the reactor), and the 
fraction that this quantity represents of its theoretical maximum value. 

(e) The total heating requirements (kW) for the methane and oxygen feed preheaters. 

(f) The temperature attained in the converter. 

The wastewater treatment plant at the Ossabaw Paper Company paper mill generates about 24 
tonnes of sludge per day (1 tonne = 1 metric ton = 1000 kg). The consistency of the sludge is 35%, 
meaning that the sludge contains 35 wt% solids and the balance liquids. The mill currently spends 
$40/tonne to dispose of the sludge in a landfill. The plant environmental engineer has determined 
that if the sludge consistency could be increased to 75%. the sludge could be incinerated (burned) 
to generate useful energy and to eliminate the environmental problems associated with landfill dis¬ 
posal. 

A flowchart for a preliminary design of the proposed sludge treatment process follows. For 
simplicity, we will assume that the liquid in the sludge is just water. 


Sludge 

24 tonnes/day 
35% consistency 


© 

Concentrated sludge r 



t Preheated air 

_|r=125»C 

BOILER AIR 
PREHEATER 

Qo 


Q 0 (l<J/day)-*- preheat boiler furnace air 

fhOU/day)-► generate steam in boiler 

(jjdd/day)-►- evaporate sludge water 

g 3 (kJ/day) —*- heat loss from dryer 
0 4 {kJ/day)-*- preheat incinerator air 


Process description: The sludge from the wastewater treatment plant (Stream @) passes through a 
dryer where a portion of the water in the sludge is vaporized. The heat required for the vaporiza¬ 
tion comes from condensing saturated steam at 4.00 bar (Stream (g)). The steam fed to the dryer 
is produced in the plant’s oil-fired boiler from feedwater at 20°C (Stream ©), The heat required 
to produce the steam is transferred from the boiler furnace, where fuel oil (Stream @) is burned 
with 25% excess air (Stream (E)). The concentrated sludge coming from the dryer (Stream (F)), 
which has a consistency of 75%. is fed to an incinerator. The heating value of the sludge is insuf¬ 
ficient to keep the incinerator temperature high enough for complete combustion, so natural gas 
(Stream ©) is used as a supplementary fuel. A stream of outside air at 25°C (Stream ©) is heated 
to 110°C and fed to the incinerator along with the concentrated sludge and natural gas. The waste 
gas from the incinerator is discharged to the atmosphere. 


13 Problem based on material contributed by Joseph Lemanski of the Kimberly-Clark Corporation and Morton 
Barlaz of North Carolina State University. 




Problems 503 


Fuel oil: The oil is a low-sulfur No. 6 fuel oil. Its ultimate (elemental) analysis on a weight basis 
is 87% C, 10% H, 0.84% S, and the balance oxygen, nitrogen, and nonvolatile ash. The higher 
heating value of the oil is 3.75 x 10 4 kj/kg and the heat capacity is C p = 1.8 kJ/(kg-°C). 

Boiler: The boiler has an efficiency of 62%, meaning that 62% of the heating value of the fuel oil 
burned is used to produce saturated steam at 4.00 bar from boiler feedwater at 20°C. Fuel oil at 
65°C and dry air at 125°C are fed to the boiler furnace. The air feed rate is 25% in excess of the 
amount theoretically required for complete consumption of the fuel. 

Sludge: The sludge from the wastewater treatment plant contains 35% w/w solids (S) and the bal¬ 
ance liquids (which for the purposes of this problem may be treated as only water) and enters 
the dryer at 22°C. The sludge includes a number of volatile organic species, some of which may 
be toxic, and has a terrible odor. The heat capacity of the solids is approximately constant at 
2.5 kJ/(kg°C). 

Dryer: The dryer has an efficiency of 55%, meaning that the heat transferred to the sludge. Q 2 , 
is 55% of the total heat lost by the condensing steam, and the remainder, Qi- is lost to the sur¬ 
roundings. The dryer operates at 1 atm, and the water vapor and concentrated sludge emerge 
at the corresponding saturation temperature. The steam condensate leaves the dryer as a liquid 
saturated at 4.00 bar. 

Incinerator: The concentrated sludge has a heating value of 19,000 kJ/kg dry solids. For a feed sludge 
of 75% consistency, the incinerator requires 195 SCM natural gas/tonne wet sludge [1 SCM = 
1 m 3 (STP)]. The theoretical air requirement for the sludge is 2.5 SCM air/10,000 kJ of heating 
value. Air is fed in 100% excess of the amount theoretically required to burn the sludge and the 
natural gas. 

(a) Use material and energy balances to calculate the mass flow rates (tonnes/day) of Streams (§1 (0 
©, (E), (F), and and heat flows Qo, Qi,- • •. (MkJ/day). Take the molecular weight of air to 
be 29.0. ( Caution: Before you start doing lengthy and unnecessary energy balance calculations 
on the boiler furnace, remember the given furnace efficiency.) 

(b) The money saved by implementing this process will be the current cost of disposing of the 
wastewater plant sludge in a landfill. Two major costs of implementing the process are the in¬ 
stalled costs of the new dryer and incinerator. What other costs must be taken into account 
when determining the economic feasibility of the process? Why might management decide to 
go ahead with the project even if it proves to be unprofitable? 

(c) What opportunities exist for improving the energy economy of the process? (Hint: Think about 
the need to preheat the fuel oil and the boiler and incinerator air streams and consider heat 
exchange possibilities.) 

(d) The driving force for the introduction of this process is to eliminate the environmental cost of 
sludge disposal. What is that cost—that is, what environmental penalties and risks are associ¬ 
ated with using landfills for hazardous waste disposal? What environmental problems might 
incineration introduce? 



Chapter 


Computer-Aided 
Balance Calculations 


If you have worked your way through the preceding nine chapters, you are aware—maybe 
painfully so—that solving material and energy balance problems manually for even relatively 
simple systems can be a cumbersome and time-consuming task. Imagine what it must be like to 
do it for, say, an entire petroleum refinery! An alternative approach is to devise an algorithm 
(a systematic procedure) to perform the calculations and then to program a computer to im¬ 
plement it. This now common technique, referred to as flowsheeting, is the principal topic of 
this chapter. 

10.0 INSTRUCTIONAL OBJECTIVES 

After completing this chapter, you should be able to do the following: 

• Clearly define, in your own words, the terms: design variables and state variables, sequential 
modular flowsheet simulation , equation-based flowsheet simulation, tear stream, convergence 
block, and design specification. 

• Given a description of a single-unit chemical process, determine the number of degrees of 
freedom and identify a set of design variables that leads to an efficient calculation procedure 
(one that minimizes the number of equations that must be solved simultaneously). 

• Given a description of a multiple-unit process, determine the number of degrees of freedom, 
identify a set of feasible design variables, and if there are cycles in the flowchart, identify rea¬ 
sonable tear stream variables and outline the solution procedure. Draw a sequential modular 
block diagram for the process, inserting necessary convergence blocks. 

• Set up a spreadsheet to perform material and energy balance calculations for single-unit and 
multiple-unit processes. 

10.1 DEGREE-OF-FREEDOM ANALYSIS REVISITED 

As defined in Section 4.3d, the degrees of freedom of a system, n d f, is the number of system 
variables whose values must be specified before the remaining variables can be calculated. If a 
system is described by n e independent equations in n v variables, then n d f = n v - n t . 

• If rtdf = 0 (e.g., if there are three independent equations in three unknowns), then the un¬ 
known system variables can, in principle, be calculated. 

• If « df > 0—for example, three equations in five unknowns, so that n d{ = 2—then n d f vari- 
able values must be specified as part of the system definition, and the remaining unknown 
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variables may then be calculated from the system equations. Variables that are externally 
specified are called design variables, and those that are then calculated from the system equa¬ 
tions are called state variables. 

• If «df < 0, there are more equations than variables, and the process is overdefined: either 
you have written more equations than you are entitled to write (e.g„ three material balances 
on a two-component system), or you have miscounted the variables, probably by not fully 
labeling the flowchart. 

The remainder of this section illustrates degree-of-freedom analyses for increasingly com¬ 
plex systems: first a single nonreactive process unit, then a single reactive unit, and finally a 
system of several interconnected units. 

10,1a Single Process Unit 

The number of unknown variables for a single unit is the sum of the unknown component 
amounts or flow rates for all inlet and outlet streams, plus all unknown stream temperatures 
and pressures, plus the rates of energy transfer as heat and work. The equations available to de¬ 
termine these unknowns include material balances for each independent species, an energy bal¬ 
ance, phase and chemical equilibrium relations, and additional specified relationships among 
the process variables. 

Let us first consider a heated mixer in which a stream of oxygen and nitrogen at 25°C is 
blended with a stream of pure oxygen at 40°C, and the combined stream is heated to 50°C. 


nitkg 0 2 ) 

40°C 


« 2^8 0 2 ) 

n 3 (H N 2> ! 

25 ° c Q{kJ) 


MIXER- 

HEATER 


n 4 ( kg 0 2 ) 
«5«<g N 2 ) 
50°C 


A degree-of-freedom analysis on this simple process would proceed as follows: 

6 variables («i,..., n 5 , and Q) 

-3 relations (2 material balances and 1 energy balance) 

= 3 degrees of freedom 

Thus, three specifications would have to be provided in the problem statement, following which 
the system equations could be solved for all remaining unknowns. Specifying values of three 
of the variables would suffice, as would giving values for two of the variables and a relation¬ 
ship between the masses of the two feed streams. (Convince yourself—choose values for any 
three variables and mentally go through the calculation of the remaining three from the system 
equations,) 

The following example illustrates a degree-of-freedom analysis for a process that involves 
vapor-liquid equilibria between effluent process streams. 


EXAMPLE 10.1-1 Degree-of-Freedom Analysis of a Flash Vaporizer 


A liquid mixture of n-hexane (HX) and n-heptane (HP) at a high pressure is abruptly exposed to 
a lower pressure. A portion of the mixture evaporates, yielding a vapor mixture relatively rich in 
hexane (the more volatile of the two feed components) and a residual liquid mixture relatively rich 
in heptane. The two product streams are in equilibrium at temperature T and pressure P\ their com¬ 
positions are related by Raoult’s law (Section 6.4b). 
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SOLUTION 


n 2 (mol) 9 T, P 


«i(mol) 

jtjtmoi HXCI)/mol] 
(l-^Jfmol HP(!)/mol] 


FLASH 
VAPORIZER 
T, P 


jr a [mol HX(v)/mol] 

(1 - .i 2 }[fflol HP(v)/moi: 


n 3 (mol) @ T. P 


.r 3 [mol HX(l)/mol] 

(1 - jr 3 )[mol HP(l)/mol] 


The relations among the system variables are as follows: 


n\ = n 2 + «3 


(total mole balance) 

(1) 

n.\X\ — n 2 x 2 + n 3 x 3 


(hexane balance) 

(2) 

xiP = *3Phx<T) 


(Raoult’s law) 

(3) 

(1 - x 2 )P = (1 - x 3 )p^ P (r)J 


(4) 

1°S[Phx( 7 ’)] = ^hx ~ Bhx/ (T + Chx) 

fogt^HP^)] = ^HP - S H p/ (T + Chp) 

(Antoine equation) 

(5) 

(6) 


Perform a degree-of-freedom analysis on this system, and outline a solution procedure for the fol¬ 
lowing sets of design variables: 

1. «i, Jt, T. and x 3 . 

2. n 2 , x 2 , n 3 . and x 3 . 

3. tii. n?, ^3- and T. 

Ten variables— ni,n 2 ,n 2 ,xuX 2 ,x 3 ,T < P,p^ x , and —appear in these six equations. The system 
consequently has 10 — 6 — 4 degrees of freedom. Four of these variables must be specified in a 
problem statement, following which the remaining six variables can be calculated from the given six 
equations. Notice how the difficulty of the calculation depends dramatically on which four variables 
are specified (i.e., which ones are the design variables). 

1. Design variables n u x Ir T, andx 3 . If values of these four variables are specified, the following 
relatively straightforward solution procedure could be used to solve for the remaining (state) 
variables. 


Specify values for n\, x 3 , T, x 3 


Phx = ' 

■ ■ (from Equation 5) 

Php “ ' 

• • (from Equation 6 ) 


I 


P = xjPhx + (1 - tOPhp (Equations 3 + 4) 
x 2 = xjPhjc/ P (Equation 3) 


n 2 + n 3 = «i (Equation 1) 
n 2 x 2 + n 3 x 3 = n\X\ (Equation 2) 


Solve for n 2 , n 3 


The first four equations each contain one unknown and can be solved directly; the final two 
equations in two unknowns are linear, so they also can be solved without difficulty. 
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2. Design variables n 2 , x 2 , n 3 , andxy. For this choice of design variables, a relatively lengthy trial- 
and-error procedure is required to solve for the remaining variables. One possible procedure 
is shown here. 


Specify « 2 , * 2 , 03 . jr 3 


X 


n\ = n 2 + n 3 (Equation 1) 

*1 = U 2 n 2 + jr 3 » 3 )/n 1 (Equation 2) 


Assume T 


p hx = /CTKEquation 5) 
Php = gdKEquation 6 ) 
P = + (1 - x 3 )Php 

(Equation 3 + Equation 4) 


X 


x 2 _ *3PHX 

1 - x 3 U ~ .t 3 jpfi P (Equation 3/Equation 4) 
Solve for x 2 

X 


j 2 (calc) ■» x z (specified)? ^ >- 
| Yes 

Accept all calculated values 


Choose new T 


Several methods can be used for the trial-and-error calculation, such as defining F(T) = 
*2 Me) - x 2 (specified) and using the goalseek tool on a spreadsheet to find the value of T for 
which F(T) = 0. 

3. Design variables n h n 2) n 3 , and T. Some choices of design variables lead to contradictions of 
the system equations and so are not allowed. For example, choosing n u n 2 , and n 3 as design vari¬ 
ables is forbidden: once any two of these variables are specified, the third may not be assigned 
a value independently, but must be calculated from Equation 1. 


TEST 

YOURSELF 
(Answers, p. 662) 


1. Consider the following set of equations: 

*1 + 2 x 2 — *3=0 
5*i — *2 + 4 = 0 

(a) How many degrees of freedom does this system possess? 

(b) Which choice of a design variable would lead to an easier procedure to solve for the 
state variables, x\ or X 3 ? 

2. A liquid stream containing species A, B, C, and D enters a vaporizer (flow rates n x ,..., 
n 4 kg/s). Essentially all of the A, 25% of the B, and none of the D is vaporized. The C 
is distributed between the liquid and vapor products according to a known equilibrium 
relationship. How many degrees of freedom does this process possess? 

3. Consider the equations (i) 5x - 3y = 7, (ii) lOx - 3y - 6 z = 14, and (iii) v = 2z. 

(a) Try to solve this system of equations for x , y , and z , and explain why you can't do it. 

(b) Prove that the set of equations has one degree of freedom, choose a design variable, 
specify a value for it, and determine the corresponding state variable values. 


10.1b Multiple-Unit Processes 

A process that contains two or more interconnected units has fewer degrees of freedom than 
the sum of the degrees of freedom of the individual unconnected units. Suppose, for example. 
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that an output stream from the first of two units is the feed stream to the second unit and that 
no reactions occur in either unit. 


n^mol) 

xiimol CH 4 /mol) 
y^mol CjH^/mol) 

(1 - jtj - y l )(mol C 2 H 4 /mol) 

rt 2 {mol) 

^ 2 (moi CHjj/mol' 
y 2 {mol CjHg/mol) 

(1 - x 2 - y 2 )(mol C 2 H 4 /mol) 


rt 4 {mol) 


rtjtmoi) 

x 3 (moi CH 4 /mol) 
y 3 (mol C 2 H 6 /mol) 

(1 - x 3 - y 3 )(mol C 2 H 4 /mol) 


j 4 (mol CH 4 /mol) 
y 4 (mol C 2 Hg/mol) 
(l-^ 4 -y 4 )(mol C 2 H 4 /mol) 
n 5 (mol) 

,t 5 (mol CH 4 /mol> 
y 5 (mol C 2 H 6 /mol) 

(i - jrg - yjKnnol C 2 H 4 /mol) 


Let us first perform a degree-of-freedom analysis for unit A. We count nine variables (three 
for each stream entering or leaving the unit) and three equations (mass balances on methane, 
ethane, and ethylene) to obtain six degrees of freedom. The same result is obtained for unit B. 
Individually, then, there are 12 local degrees of freedom—local signifying that we are consid¬ 
ering each unit as isolated, unconnected to the others. 

In fact, the units are linked so that in the preceding analysis we have overcounted variables: 
specifically, the three variables associated with the product stream from unit A (^ 3 , * 3 , and y 3 ) 
are identical to the three associated with the feed to unit B. The analysis proceeds as follows: 

system variables = 18 local - 3 overcounted = 15 
system equations = 3 balances for each unit = 6 
degrees of freedom = 9 

Thus, nine process stream variable values must be specified for the given system, at which point 
balances can be used to determine the remaining six variables. 

In general, the number of degrees of freedom of a system of linked units equals the number 
of degrees of freedom of the individual units—that is, the total local degrees of freedom—minus 
the number of ties (variables common to two or more units, and hence overcounted), minus the 
number of any additional relations that were not counted in the individual unit analyses. 

The procedure for performing a degree-of-freedom analysis on a multi-unit process may 
be summarized as follows: 

1 . Draw and completely label the flowchart 

2. Determine the local degrees offreedom for each process unit, mixing point, and stream¬ 
splitting point in the process. The local degrees of freedom equal the number of 
unknown variables involved in the unit equations minus the number of independent 
relations among these variables. The relations may include material balances, an energy 
balance, equilibrium relations, and specifications of conversions, yields, selectivities, and 
mass or mole ratios. If a relation involves any variables belonging to units other than the 
one in question, however, count it in step 3 rather than here. 

3. Determine the degrees of freedom of the total process. This quantity equals the sum of 
the local degrees of freedom, minus the number of independent relations among process 
variables that were not counted in step 2 (such as overall reactant conversions or percent¬ 
age recoveries), minus the number of ties (overcounted variables) between units. 

If the number of degrees of freedom determined in this manner equals zero, all unknown 
variables can, in principle, be determined. If * is greater than zero, then variable values 
must be specified as design variables, and the remaining state variables may then be calculated. 

The following example illustrates this procedure. 


EXAMPLE 10.1-2\ 

Equipment 
Encyclopedia 

heat exchanger, 
reactor, condenser 




Degree-of-Freedom Analysis of a Multiple-Unit Process 

Methanol may be produced from carbon monoxide and hydrogen in the reaction 

CO + 2H 2 — CHjOH 
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TTie fresh feed, which contains CO and H 2 in stoichiometric proportion, enters the process at a rate of 
2.2 m 3 /s at 25°C and 6.0 MPa and combines adiabatically with a recycle stream. The combined stream 
is heated to 250°C and fed to the reactor. The reactor effluent emerges at the same temperature and 
is cooled to 0°C at P - 6.0 MPa, partially condensing the methanol product. The gas leaving the 
condenser is saturated with methanol: 1% is taken off for process monitoring purposes and the 
remainder is recycled. An overall CO conversion of 98% is achieved. The ratio of H 2 to CO is 2 mol 
H 2 /1 mol CO everywhere in the process system. Ideal gas behavior may be assumed. 

Carry out a degree-of-freedom analysis for this process and show that the given information 
is sufficient to allow the calculation of the component flow rates for all streams, the required heat 
duties for all process units, and the temperature of the combined feed stream to the reactor pre¬ 
heater. 


SOLUTION 


2.2 m 3 /s 

9 25°C, 6.0 MPa 

n 0 (mol CO/s) 
2 « 0 (mol Hj/s) 


MIXING 

POINT 

d 


PREHEATER &(kW) 

*84 




J rijtmol CO/s) 
2 « 1 (mol Hj/s) 
n 2 (mol CH 3 OH/S) 

tjtc) 


CO/s) 
2n‘ 1 (mol H 2 /s> 


REACTOR 
250°C, 
6.0 MPa 


n 2 (mol CH 3 OH/S) 
250‘ > C 


_j/}/Q<S kW) 


n 3 (mol CO/s) 
2« 3 (mol Hj/s) 
« 4 {moi CH 3 OH/S! 
250°C 


n 5 {mol CH 3 0H(I)/s! 


n 3 (mol CO/s) 

2 /i 3 (mol H 2 /S} 

n 6 (moi CH 3 OH(v)/s), saturated 


Recycle 


Sample 


0.99 n 3 {mol CO/s) 

1.98 n 3 {mol H 2 /s) 

0.99 ng{mol CH 3 0H(v)/s) 
0°C, 6.0 MPa 


Sample 

takeoff 

point 


0.01 n 3 (mol CO/s) 

0.02 n 3 (mol H 2 /s) 

0.01 ri 6 (mol CH 3 0H(v)/s) 
0*C, 6.0 MPa 


In labeling the flowchart, we have taken advantage of the fact that CO and H 2 remain in stoichio¬ 
metric proportion throughout the process, which cuts down on the number of unknown variables 
that must be defined: if the flow rate of CO is rt h the flow rate of H 2 must be 2h,. However, this also 
means that we cannot write independent balances on these two species. We must therefore allow 
for no more than two independent material balances on each process unit when we do the degree- 
of-freedom analysis, rather than the three that would normally be allowed when three species are 
involved in a process. 

Mixing Point 6 variables (n 0 , «i, h 2 , « 3 ,T a ) 

- 4 relations (2 material balances, 1 energy balance, 

and the ideal gas equation of state for the fresh feed) 

= 2 local degrees of freedom 

Preheater 4 variables («i, n 2 , T a , £?h) 

- 1 relation (The energy balance. We cannot count material balances. 

since in labeling the outlet flow rates the same as the inlet flow 
rates, we have implicitly used up the two allowed materi al balances.) 

= 3 local degrees of freedom 

Reactor 5 variables («i, h 2 , n 3 , n 4 , Q r ) 

- 3 relations (2 molecular species balances, 1 energy balance) 

+ 1 chemical reaction 

= 3 local degrees of freedom 

Condenser 5 variables (n 3 , n 4 , h$, n 6 , Q c ) 

- 3 relations [1 material balance (Can you see why?), 

1 energy balance, saturation condition at outlet] 


= 2 local degrees of freedom 
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Purge Point 2 variables (n 3 , n 6 ) 

- 0 relations (In labeling the chart, we have built in all 

allowed balances. If this is not clear to you, try writing 
a balance on, say, hydrogen, and observe the result.) _ 

= 2 local degrees of freedom 

Process 12 local degrees of freedom (2 + 3 + 34-2 + 2) 

- 11 ties (hi, h 2 , and h 6 were each counted three times. n 3 was counted 

four times, and hi and T a were each counted twice) 

- 1 additional relation (98% overall conversio n) 

= 0 degrees of freedom 
The process is therefore completely specified. 

The solution of the system equations for all unknown variables is straightforward. The ideal gas 
equation of state applied to the fresh feed stream yields h 0 . The specified overall CO conversion 
yields h 3 from the equation 0.01n 3 = (1 - 0.98)«o- Raoult’s law at the condenser outlet combined 
with the calculated value of n 3 yields h 6 , and an overall carbon balance yields h<. Balances on CO 
and CH 3 OH at the mixing point yield h x and h 2 , and an energy balance for the same subsystem yields 
TV An energy balance on the preheater then yields Q h . A methanol balance on the condenser yields 
hi, and then energy balances on the reactor and the condenser yield Q, and Q c , respectively. 


TEST 

YOURSELF 
(Answers, p. 662) 


Consider the flowchart shown here for a nonreactive mixing-separation process. 


jrjtmol A/mol) 

(1 - .r.Kmo! B/mol) 


/ijlmol A/s) 



« 4 {moi/s) 


« 3 (mot/s) 


* 3 (mo! A/mol) 

(1 — je 3 Kmol B/mol) 


j: 4 (moi A/mol! 

<1 --^Mmol B/mol) 



n 5 (mol/s) 


jt 5 Smol A/mol) 

(1 -.* 5 )(mol B/mol) 


1. How many local degrees of freedom does each unit possess? 

2. How many total degrees of freedom does the entire process system possess? 

10.1c Solving Algebraic Equations 

Once you have specified values for your design variables, you are faced with the task of solv¬ 
ing the system equations for the state variables. For relatively simple processes, the manual 
techniques presented in previous chapters are applicable and should be used. 

Unfortunately, chemical processes are seldom relatively simple. For example, most prob¬ 
lems you have encountered in this text could eventually be reduced to the solution of linear 
algebraic equations. 

0.21/tai r = 2015 Solve for n air 

ni + «2 — 100 

0.96/1! + 0.05tt 2 = 50 

However, some could not. You encountered nonlinear equations, for example, when learning 
about equations of state: 

PV , B C D E 

«f = 1 + ? + ? 2 + ?J + ?5 Given P and T, solve for V 
and when studying vapor-liquid equilibrium 

log 10 p* — A + B/ ( C + T) Given T, solve for p* 
and when applying the first law of thermodynamics 

Aff = a(T - 25) + b(T 2 - 25 2 ) + c(7 3 - 25 3 ) Given AH, solve for T 


Solve for n\ and n 2 
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Solving sets of linear equations is tedious but straightforward. Solving nonlinear equations, 
on the other hand, may or may not be straightforward. Doing so in all but the simplest cases 
involves trial-and-error, and there is usually no guarantee that you will be able to find a solution, 
or that a solution you find is the only possible solution, or even that a solution exists. 

We suggest the following guidelines for solving n algebraic equations in n unknowns. 

• For linear equations with n =£ 3 or a single simple nonlinear equation. (e.g., y 2 - 2y - 3 = 0, 

e x = 0 . 2 , or sin 9 = 0.5), solve manually using high school algebra methods. 

• For a single complex nonlinear equation of the form f(x) = 0, use a spreadsheet or an 
equation-solving program. If you use a spreadsheet, put an estimated value of x in one cell 
and the formula for f(x ) in a second cell, then use the goalseek tool to set the value in the 
second cell equal to zero by varying the value in the first cell. The final value in the first cell 
is the desired solution. 

• For linear equations with n > 3 or nonlinear equations with n > 2, use an equation-solving 
program. 

10.2 SEQUENTIAL MODULAR SIMULATION 

As we noted at the beginning of this chapter, there are two broad approaches to the auto¬ 
mated solution of the balance equations for a process system: the sequential modular approach 
and the equation-based approach. This section outlines the first of these methods. The balance 
equations (and any other equations that may arise from physical considerations or process 
specifications) for each unit are written and solved. If there are no recycle streams, the calcu¬ 
lation moves from one unit to another, until all units have been covered. If there is a cycle (the 
conventional term for a recycle loop in a process flowchart), a trial-and-error procedure is re¬ 
quired: values of one or more stream variables in the cycle are assumed; the balance equations 
for units in the cycle are solved, one unit at a time, until the values of the assumed variables are 
recalculated; new variable values are assumed; and the procedure is repeated until the assumed 
and calculated values agree. 

The object of the presentation that follows is not to enable you to go out and simulate 
complex processes—the treatment is too brief and general for that—but simply to give you a 
sense of the structure of process simulation programs and calculations and to provide an idea 
of what such programs can do. 


10.2a Elements of a Modular Simulation 

The first step in setting up a process for the sequential modular approach is to reconstruct 
the process flowchart in terms of blocks or modules (process units or operations) and streams 
connecting them. Several types of blocks and names that might be given to them are as follows: 


MIX 

SPLIT 

COMPRESS 

PUMP 

FLASH 

DISTILL 

EXTRACT 

CRYSTAL 

ABSORB 

REACT 


Mix several inlet streams adiabatically to form one product stream. 
Split a single inlet stream into two or more product streams with the 
same composition and temperature. 

Raise the pressure of a gas by a specified amount. 

Raise the pressure of a liquid by a specified amount. 

Convert a liquid stream at one pressure to liquid and vapor streams 
in equilibrium at a lower pressure. 

Simulate the separation processes of distillation, extraction, 
crystallization, and absorption. 

Simulate a chemical reactor. 


An additional block type—the convergence block—has a function to be described later. 
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The simulation program contains a built-in subprogram corresponding to each block type. 
To simulate a process, you would use the simulation program to build a flowchart and then 
enter known block and stream variable values in forms provided by the program. When you 
subsequently run the simulation, a series of calls to the block subroutines would lead to the 
solution of the process material and energy balance equations. 

For example, suppose two streams labeled SI and S2 are mixed adiabatically to form a 
third stream S3. A MIX block might be used to simulate this operation. (What the subprogram 
for this block might look like is the subject of the next example.) 


si - 

Ml 

S2 MIX 


S3 


The step in the program that would perform the material and energy balances for this unit 
would be initiated by a statement equivalent to the program statement. 

CALL MIX(M1,S1,S2,S3) 

Ml is a label, identifying the unit that has streams SI and S2 as inputs and stream S3 as an output. 
In the subprogram, SI, S2, and S3 would each be arrays, the elements of which contain enough 
information to specify the flow rate, composition, and temperature of each stream. Prior to 
this statement in the program, the values of the elements of arrays SI and S2 would have been 
either specified or determined as the outputs of other blocks. The subprogram would calculate 
the component flow rates of stream S3 by solving material balance equations and (if required) 
the temperature of the stream by solving the energy balance equation (A// = 0). 


EXAMPLE, 10.2-1\ Structure of a Mixing Block Routine 

Two streams are mixed adiabatically. Each stream may contain any of five components (A, B, C, D, 
and E). No phase changes take place. The heat capacities of all components may be approximated 
as constants, and the heat of mixing may be neglected. A computer program is to be written to 
calculate the component molar flow rates and temperature of the product stream from specified 
values of these quantities for the feed streams. 

si 

« 1A (mol A/s) 

« 1B (mol B/s) 
n lc (mol C/s) 
n 10 ;mol D/s) 
n 1E (mol E/s) 

Jit-C) 

S2 

n 2A (mol A/s) 
n 2 B(mol B/s) 

C/s) 

n 20 (mol D/s) 
n 2E (moi E/s) 
r 2 <°C) 

Write equations for the product stream component flow rates and temperature. 

Create a spreadsheet that would determine the product stream variables from given values of 
the feed stream variables. 

Write a Fortran subroutine that would perform the same calculations. 

1. A degree-of-freedom analysis of this unit reveals 18 variables (six for each stream) and six 
equations (five material balances and an energy balance) for a net 12 degrees of freedom. The 
design variables are the 12 feed stream variables, leaving the product stream component flow 
rates and temperature as the state variables. 


1 . 

2. 

3. 



S3 


n 3A (mol A/s) 
« 3 B (mol B/s) 
n 30 (mol C/s) 
« 3D (mol D/s) 
« 3 £{mol E/s) 

r 3 ra 


SOLUTION 
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The material balance equations are trivial: 

«3A = «1A + n ZA (1) 

«3B = «1B + «2B (2) 

«3C = *1C + «2C ( 3 ) 

«3D ~ «1D + «2D (4) 

«3E = «1E + «2E (5) 


Let us choose as the reference state for each component the system phase (liquid or gas), tem¬ 
perature ( T \), and pressure (1 atm). The specific enthalpy of, say, component A in the product 
stream would be W 3 a = C pA (T 3 - r t ). (Remember that there are no phase changes and we 
are assuming constant heat capacities.) The energy balance for this open adiabatic svstem is 
AW = 0, or 

AW ~~ ^ «out# 0 ut ~ ^ n m H,„ 

= [«A3C pA + «B3CpB + • • + «E3 C’pe](7’ 3 - T x ) 

- [«A2 C pA + flmCpB + ••• + n E 2CpE](T2 - Ti) = 0 
(All of the enthalpies of the stream 1 components are zero). Solving this equation for T 3 yields 
Ti = T x + hA2CpA + + h ClCpC + ftpiCpp + h E2 C P E _ T 

« a iCpA. + hmCpB + naCpC + n m C pD + rt E3 C pF 2 1 

Equations 1 to 6 may be solved sequentially for the product stream variables. 

2. A spreadsheet program that solves the six system equations is easy to construct. With a little 
more effort, a flowchart can be imbedded into the spreadsheet in such a way that the product 
stream variables are automatically updated if any of the input stream variables are changed. 
In the example that follows, the following heat capacities are used: 


Species 

A 

B 

C 

D 

E 

| Cp[J/(mol-°C)3 

77.3 

135.0 

159.1 

173.2 

188.7 


The spreadsheet might appear as follows. 1 



The flowchart shows a set of specified input variables for streams SI and S2 and the calculated 
product stream variables determined from Equations 1 to 6. The formula of Equation 1 for 
«A3 ( = «ai + «A2) would be entered in Cell G7 as 

= A3 + All 


‘The spreadsheet was created with Microsoft Excel®. The values and formulas were first entered, and then the 
line and rectangle drawing tools were used to create the flowchart. For clarity, most grid lines are not shown. 
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indicating that the value in Cell G7 would be obtained as the sum of the values in Cells A3 and 
All. If the value in either of these cells is changed on the spreadsheet, the value in G7 would 
change accordingly. Similarly, the formula of Equation 6 for T$ would be entered in Cell G12 
as 

= A8 + (A11*C19 + A12*D19 + A13*E19 + A14*F19 + A15*G19)*(A16-A8)/ 

(G7*C19 + C8*D19 + G9*E19 + G10*F19 + G11*G19) 

(Verify.) Changing either T\ (in Cell A8) or T 2 (in Cell A16) on the spreadsheet would cause 
the new value of Tj to appear in Cell G12. 

3. A Fortran subroutine that performs the same calculations follows. 

SUBROUTINE MIX(M,S1,S2,S3) 

C **** M IS A UNIT LABEL 

C**** ARRAYS SI AND S2 ARE INPUT, AND S3 IS OUTPUT 
DIMENSION Sl(6),S2(6),S3(6) 

COMMON CP(5) 

C**** SOLVE MATERIAL BALANCES 
DO 1003 = 1,5 

100 S3(3) = 51(3) + 52(3) 

C**** if Ti = T2, SET T3 = T1 AND RETURN 
T1 = Sl(6) 

T2 = $2(6) 

IF (T1.EQ.T2) GO TO 200 
C**** EVALUATE SUMS FOR ENERGY BALANCES 
SUM2 = 0.0 
SUM3 = 0.0 
DO 1503 = 1,5 
SUM2 = SUM2 + S2(3)*CP(3) 

150 SUM3 = SUM3 + $3(3)*CP(3) 

C**** SOLVE ENERGY BALANCE FOR T3 
T3 = Tl + SUM2 *(T2-Tl)/SUM3 
S3(6) = T3 
RETURN 

200 S3(6) = Tl 
RETURN 
END 


The next example illustrates the structuring of a sequential modular process simulation 
using blocks of the types just described. 



• 

Equipment 

Encyclopedia 

pump, heat 
exchanger, 
distillation 
column, 
condenser 


Simulation of an Acyclic Process 

The flowchart shown here depicts a multi-unit separation process. Three liquid streams are mixed 
adiabatically; the product stream is pumped through a heater to a distillation column, and the over¬ 
head product from the column is partially condensed to yield liquid and vapor products. Using the 
blocks MIX (mix two streams to form a third), PUMP, HEAT, 0ISTILL, and CNDS, construct a block 
diagram for the simulation of this process. 


S9 
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SOLUTION 


Since three streams are mixed in the process but the MIX routine can only handle two feed streams, 
we need to use this block twice. In other respects, the block diagram looks like the process flowchart 



In the mam simulation program, a series of statements resembling the following would be included 
(the first argument of each calling statement is the unit identifier): 

CALL MIX(M1,SI,S2,SA) 

CALL MIX(M2,S3,SA,S4) 

CALL PUMP(P1,S4,S5,parameters) 

CALL HEAT(Hl,S5,S6,parameters) 

CALL DISTILL(ST1,56,57,58,parameters) 

CALL CNDS(C1,S7,59,510,parameters) 

The PUMP calculation would cause the pressure of the liquid stream to be raised bv a specified 
amount; the routine might also calculate the required shaft work for this operation and could * 0 
as far as to specify the type and size of pump needed for the job. The HEAT routine would calculate 
the heat input required to achieve the required temperature change and might also perform heat 
exchanger design calculations. 

The DISTILL subroutine would solve material and energy balance equations to determine the 
flow rates and compositions of both product streams and the heat requirement for the distillation 
column. Depending on the level of sophistication of the simulation program, the subroutine might 
then go on to determine details of the column design for the given separation. 

The CND5 subroutine would proceed in a similar manner for the condenser calculations—first 
solving material and energy balances to determine unknown flow rates and the heat duty, and then 
possibly performing design calculations. 


10.2b Cyclic Systems and the Convergence Block 

Suppose the block diagram of a process has the following appearance: 



Further suppose that you know the values of the variables associated with stream 51 and you 
wish to calculate the remaining stream variables. 

The procedure outlined in the previous section will not work, since there is no way to get 
the calculation started. To solve the equations for block B1 you must know the variable values 
for both 51 and S5, but you cannot know S5 until you solve B3, for which you need S3 and hence 
the solution of B2, which in turn requires a knowledge of 52 and hence the solution of BL and 
you are back where you began. 

If the calculations were to be done by hand, overail system and subsystem balances would 
eventually yield n equations in n unknowns, and the equations could then in principle be solved 
for all the desired process variables. It would be difficult to write a sequential modular program 
to implement this method for an arbitrary process, however. Instead, the following iterative 
approach is used. 

1. Assume variable values for a stream within the cycle (this is known as nearing the cycle). 

2. Solve the system balance equations, working around the cycle from unit to unit until the 
tear stream variables are recalculated. 
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3. If the assumed and calculated tear stream variables agree within a specified tolerance, 
the solution is complete; if they do not, use the new values or some combination of the 
new and old values to initiate another swing around the cycle. Iterate in this manner until 
convergence is achieved. 

Suppose, for example, that in the process described above we choose 55 as the tear stream. 

The flowchart might then appear as shown here: 



The calculation would begin with an assumption of values of the variables associated with 
stream S5. The equations for blocks Bl, B2, and B3 could then be solved sequentially. The solu¬ 
tion for B3 would yield calculated variable values for stream S5. New assumed variable variables 
would be determined by one of several methods to be outlined, and the procedure would be 
repeated until the assumed and calculated values of the S5 variables agree to within a specified 
tolerance. 

The application of this procedure to a single tear stream variable is tantamount to solving 
an equation of the form x = fix), where f(x ) is the “function” that generates a new value 
of the tear stream variable x by working around the cycle. Techniques described in Appendix 
A.2—successive substitution and Wegstein's algorithm—can be used to perform this calcula¬ 
tion. 

Most simulation programs have a block, called a convergence block, that performs such 
calculations using the Wegstein algorithm. The output stream from this block contains the as¬ 
sumed set of tear stream variables, and the input stream contains the values calculated by work¬ 
ing around the cycle. The block diagram for the simulated process would appear as follows: 



It is conventional to show the convergence block using dashed lines, since it does not corre¬ 
spond to a physical operation in the process. 


EXAMPLE 10.2-3 Simulation of a Cyclic Process 


The gas-phase dehydrogenation of isobutane to isobutene 

C 4 H 10 - C 4 H 8 + H 2 

is carried out in a continuous reactor. A stream of pure isobutane (the fresh feed to the process) is 
mixed adiabatically with a recycle stream containing 90 mole% isobutane and the balance isobutene, 
and the combined stream goes to a catalytic reactor. The effluent from this process goes through a 
multistage separation process: one product stream containing all of the hydrogen and 1% of the 
isobutane leaving the reactor as well as some isobutene is sent to another part of the plant for 
additional processing, and the other product stream is the recycle to the reactor. The single-pass 
isobutane conversion in the reactor is 35%. 

The process flowchart for a fresh feed of 100 mol isobutane is shown below. For simplicity, the 
symbol A will be used to denote isobutane, B denotes isobutene, and C denotes hydrogen. 
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SOLUTION 


A = «-C 4 H !0 (g), B = ,-C„H a (g), C = H 2 (g) 


100 mol A/s 

nAiimol A/s) 
«Bi(fnol 8/s) 

1 £ (kW) A/s) 

\ /i B2 (mol 8/s) 


4<kW> "Asfmol A/s) 

■ nB 3 l m ol B/s) 

REACTOR j 

/z C 2irnoi w$j ; 


fl C3 (mol C/s) 

20°C 

1 TtfC) 1 1 

90°C 

oc.r mkh j UK 

30'C 



n 4 (mol/S) 


□ 



0.90 mol A/mol 
0.10 mol B/mol 
85»C 


All streams shown are gases. On the flowchart. Q r is the required rate of heat transfer to the reactor 
and & is the net rate of heat transfer to the separation process (which involves several heat addition 
and removal steps). 

1. Perform a degree-of-freedom analysis on the process. 

2. Choose a tear stream variable and convert the flowchart into a block diagram for a sequential 
modular simulation, using blocks MIX. REACT, SEP, and a convergence block C0NVC. 

3. Write a spreadsheet program to determine the labeled process variables on the chart. 

1. Three units comprise this process: the reactor, the separation process, and the mixing point, 
which m the process may be a stirred tank or simply a tee in the feed line. Let us first calculate 
the local degrees of freedom associated with each unit, and then the net degrees of freedom 
for the process. 

Mixing Point 4 unknowns (h AU h Bl .n 4 , T\) 

— 3 balances (2 material balances. 1 energy balance) 

1 local degree of freedom 

Reactor (Count material balances on molecular species.) 

7 unknowns {/t A i, hbi , h A2 , ub 2, fici, T\, 4) 

- 4 balances (3 molecular species balances, 1 energy balance) 

- 1 additional relation (35% single-pass conversion) 

+ 1 chemical reaction 

3 local degrees of freedom 

Separator 8 unknowns (n A2 , h B 2 ,ha, «bi, «C3, «4,4) 

- 4 balances (3 material balances, 1 energy balance) 

- 1 additional relation (isobutane s plit) 

3 local degrees of freedom 

(We used the information that the recycle contains no hydrogen when we did not label a vari¬ 
able n C4 on the flowchart, so we should not count this fact as a second additional relation.) 

Overall Process 7 local degrees of freedom (14-3 + 3) 

~ 7 ties (n A t,nBi»n A 7, nn2,/>c2,h 4 , and 7) w ere each counted twice) 

0 net degrees of freedom 

The problem can in principle be solved for all labeled variables. 

2. Before planning the solution strategy, let us observe the flowchart and confirm that we cannot 
proceed in a unit-to-unit manner without trial and error. 

The mixing unit has one local degree of freedom and three unknowns. We cannot solve for 
h Al and n B i until we know n 4 . To determine this variable, we must solve the separation process 
balance equations, but we cannot do so unless we know h A2 ,h B2 , and h a - To calculate these 
variables, we must solve the reactor equations. Unfortunately, we cannot solve them either, 
since we must first know h A1 and h A2 , for which we must solve the mixer equations, and we are 
back where we started. 
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The solution is to tear the cycle. We can tear it in any of three places: between the mixing point 
and the reactor, between the reactor and the separation process, or between the separation 
process and the mixing point. The first choice involves the trial-and-error determination of 
two variables, the second one involves three variables, and the third involves only one (n 4 ). The 
fewer variables you have to determine by trial and error, the more likely you are to succeed. 
Let us therefore choose the recycle stream as the tear stream. 

The block diagram for the simulation now appears as follows: 



The program would take as input a guessed value for the tear stream variable n 4 (stream S4A) 
and might contain the following sequence of statements: 

CALL MIX(Ml,SO,54A,SI) 

CALL REACT(R1,51,S2,QR) 

CALL SEP(SP1,S2,S3,S4R.QS) 

CALL CONVC(Cl,S4R,S4A) 

(The first unit called is always the one following the tear stream.) The call of SEP would result 
in the recalculation of n 4 from the separation process balances (stream S4R). CONVC would 
compare this value with the one initially assumed. If the two values agree to within a specified 
tolerance, the calculation would be terminated: otherwise, the new value would be used to 
begin another journey around the cycle. The nature of the iterative procedure performed by 
CONVC is discussed in greater detail in Appendix A.2. 

3. Equations could be derived and solved for all of the unknown process variables, making trial- 
and-error solution unnecessary. However, for illustrative purposes we will set up the spread¬ 
sheet to parallel the sequential modular solution procedure of part 2. 



The spreadsheet shows an initially assumed value of the recycle flow rate (n 4a ) of 100.0 mol/s 
(Cell E13) and an assumed value of the mixing point outlet temperature of 50°C (Cell D8). 
The value of n 4a will be varied until the calculated recycle flow rate (h^) in Cell J13 equals 
the assumed value, which it now does not. (The actual calculation will be done by finding the 
value of n 4a that drives the value of n 4a — « 4 c in Cell 117 to zero.) Once the flow rates are 
correct, the mixing point temperature will be varied to determine the value that drives AH - 
2 n oxll H oxa - 2flin7?in (in Cell D4) to zero for the adiabatic mixer. 

The entries in selected spreadsheet cells are shown below, in the order in which they might 
be entered. The specific enthalpies are for the gaseous species at the stream temperatures 
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relative to the elements at 25°C, with heats of formation taken from Table B. 1 and heat capacity 
formulas taken from Table B.2. Their numerical values are in kJ/mol. The other cells contain 
labels to provide clarity (such as [# A =] in Cell A9). A spreadsheet drawing tool is used to 
draw the lines (denoting streams) and boxes (denoting process steps). 

D3 = 0.35 (given fractional conversion of A) 

A7 = 100 (basis of calculation) 

A8 = 20 (given fresh feed temperature) 

G8 = 90 (given reactor effluent temperature) 

18 = 30 (given product stream temperature) 

E13 = 100 (initial guess for recycle stream flow rate) 

E14 = 0.900, 314 = 0.900 (given mole fraction of A in recycle stream) 

E15 = 0.100, 315 = 0.100 (calculated mole fraction of B in recycle stream) 

E16 = 85 (given temperature of recycle stream) 

06 = A7 + E13*E14 (A balance on mixing point) 

07 = E13*E15 (B balance on mixing point) 

08 = 50 (initial guess for combined stream temperature. Later vary to make 

A7f mixer = 0 • ) 

C5 = 06*(1-03) (unreacted A) 

G6 = 07 + D6*D3 (B balance on reactor: output = input + generation) 

G7 = D6*D3 (C balance on reactor: output = generation) 

35 = 0.01*G5 (1% of A in reactor effluent) 

313 = (G5-35)/314 (from A balance on separator) 

36 = G6 - H13*H15 (B balance on separator) 

37 = G7 (C balance on separator) 

B9 = -134.5 + 0.08946*(A8-2S) + 30.13e-5*(A8A2-25A2)/2-18.91e-8* 
(A8A3-25A3)/3 + 49.87e-12*(A8A4 - 25a4)/4 [= (Aff f °) A + { C pA dT , 

specific enthalpy of A at 20°C relative to elements at 25°C] 

F17, F18, E9, E10, H9, H10, Hll, K9, K10, Kll = specific enthalpies of A. B. 

and C at process temperatures (see formula for B9) 

D4 = 06*E9 + D7*E10 - A7*B9 - E13*E14*F17 - E13*E15*F18 (A// mixine poim ) 

G3 = G5*H9 + G6*H10 + C7*H11 - D6*E9 - D7*£10 (A// reactor ) 

33 = 35*K9 + 36*K10 + 37*K11 + 313*314*F17 + 313*315*F18 - G5*H9 

- G6*H10 - G7*H11 {&Hseparator) 

117 = E13 - 313 (assumed recycle rate - recalculated recycle rate) 

As noted previously, once the given spreadsheet has been set up, the value in Cell E13 
(= h 4a ) is varied until the value in Cell 117 (= n 4a - equals zero. This calculation is easily 
done using the goalseek tool in most spreadsheets. Then, the value in Cell D8 (the combined 
stream temperature) is varied until the value in Cell D4 (A// mmng p^,) equals zero, reflecting the 
energy balance on the adiabatic mixing point. The resulting spreadsheet is the correct flowchart 
for the process, and appears as follows: 


1 

2 

3 

4 

5 

6 

7 

8 
9 

10 

LI 

12 

13 

14 

15 

16 

17 

18 
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The recycle rate is 200.6 mol/s, and the adiabatic mixing temperature is 64.5°C. Any of the input 
variable values could now be changed and the flowchart easily recalculated. 


Networks of recycle loops are commonly encountered in large processes, and a suitable 
choice of a tear stream may minimize the number of iterations required to solve the balance 
equations of such systems. For example, consider the block diagram shown below. There are 
two cycles in this process: S2-S3-S4 and S3-S5-S7. To solve the system equations you could, 
for example, tear both S4 and S7, which would require the inclusion of two convergence blocks 
and hence the simultaneous solution of two iterative loops; however, you can instead tear one 
stream common to both cycles (S3), probably decreasing the computation time required to 
achieve the solution. 


S4 



On the other hand, you will commonly encounter systems where you have no choice but 
to tear two or more streams, as in the next process. 



There are three cycles: S2-S3-54-S5, S7-S9-S11, and S3-S4-S6-S7-S8, and no single 
stream that if tom would permit the solution of all the system equations. For instance, if you 
tear S3 you could work your way around the first cycle to unit M2 but you would be stuck there 
for lack of knowledge of S8, and you would be similarly stuck at unit M3 in the third cycle since 
you would not know Sll. 

One of many possible ways to analyze this system is to tear 54 and 57 (so that at least one 
stream in each cycle is tom). You must call the block programs in an order for which they can 
be solved. Remember that SI, S4B, and S7B are presumably known, and convince yourself that 
the program following the block diagram would in principle work. 
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CALL DISTILL (D1,S4B,S5,S6) 

(Calculates S5.S6) 

CALL MIX (M1,S1,S5,S2) 

(Calculates S2) 

CALL SPLIT (SPl,S7B,S8 t S9) 

(Calculates S 8 ,S 9 ) 

CALL MIX CM2,S2,S8,S3) 

(Calculates S3) 

CALL REACT (R1,S3,S4A) 

(Calculates S4A) 

CALL CQNVG CC1,S4A,D1,S4B) 

(Forces convergence of S4) 

CALL DISTILL (D2,S9,S10,S11) 

(Calculates S10, Sll) 

CALL MIX (M3,S6,S11,S7A) 

(Calculates S7A) 

CALL CONVG CC2,S7A,D1,S7B) 

(Forces convergence of S7) 


Other choices of tear streams could be made, and some simulation programs would permit 
you to use a single convergence block to force convergence of both tear streams simulta¬ 
neously. 

Techniques exist to determine systematically how many streams must be tom when mul¬ 
tiple cycles occur and the order in which to carry out the subsequent calculations. We will not 
discuss these matters here. 


10.2c Design Specifications 

In the process simulations we have discussed so far, the direction of flow of information cor¬ 
responded to the direction of flow of the process streams—from feeds to products and around 
cycles. This mode of information flow is appropriate if the object is to calculate the output of 
a process for a given input and set of process parameters (temperatures, pressures, etc.); how¬ 
ever, it often happens that a desired output is specified and input or process unit parameters 
required to achieve this output are to be calculated. A feature of process simulation programs 
called a design specification is used for calculations of this type. 

Consider, for example, a single adiabatic flash evaporator for which the flow rate, compo¬ 
sition, temperature, and pressure of the feed stream are known. 


si 


100 mol A{l)/s | 

FLASH 

/’(atm) 

TOO 

(+ BCD, C(|), ...)‘ 


52 

Vapor product stream at P. T 
n A vfmol A{v)/s) (+ B(v), C(v)_) 

53 

Liquid product stream at P, T 
«A(.(mol A(IVs) (+ BO), C(l)_) 


If the pressure in the evaporator is specified, a single call to the FLASH subprogram (which 
contains applicable vapor-liquid equilibrium correlations) yields the component flow rates in 
both product streams as well as the evaporator temperature. Suppose, however, that one of the 
component flow rates in one of the product streams is specified (e.g., h AV = 65 0 mol/s) and 
you wish to determine the value of P required to achieve the desired separation. The FLASH 
program by itself is incapable of performing this determination: it is set up to perform the 
forward calculation only. The approach is to set up an artificial cycle, varying the vaiue of P 
(the manipulated variable) until the calculated output variable {the sampled variable) is within 
a specified tolerance of the desired value. For example, you might specify 

|«av - 65.0 mol A/s| s 0.001 mol A/s (i.e., 64.999 mol A/s < h AV < 65.001 mol A/s) 

This inequality is called the design specification for the process. 

A block diagram for the simulation with this design specification incorporated would be 
as follows; 
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A value of the manipulated variable (P) is initially guessed and the flash block equations are 
solved to generate the variables associated with streams S2 (including «av) and S3. The value of 
the sampled variable («av) is substituted into the design specification (|«av ~ 65.0 mol A/s| s 
0.001). If the specification is not satisfied, the convergence block generates a new value of P 
and the calculations are repeated. When the sampled variable value satisfies the design specifi¬ 
cation, the value of the manipulated variable is accepted and the simulation proceeds to down¬ 
stream blocks. The sampled variables in a design specification (there may be several of them) 
may be associated with the product streams of the unit for which the manipulated variable is 
being adjusted (as in this example), or they may be associated with streams far removed from 
this unit. 

Any number of design specifications may be built into a simulation, providing considerable 
flexibility for process design. You should remember, however (and if you do much simulation 
you will certainly be reminded), that whenever convergence blocks are part of a simulation 
there is no guarantee that convergence will be achieved, and the more convergence blocks 
you have the less likely you are to achieve it. In general, the better your initial guesses of the 
manipulated variable values, the more likely you are to achieve convergence and to achieve it 
rapidly. 

An example of a sequential modular simulation of a relatively large process is given in 
Example 10.3-3, following a discussion of the second broad approach to process simulation. 

10.3 EQUATION-BASED SIMULATION 

The sequential modular approach to process simulation solves system equations in blocks cor¬ 
responding to the unit operations that make up the process. The block diagram for the process 
looks very much like the traditional process flowchart. Since engineers are accustomed to view¬ 
ing chemical processes as sequences of unit operations, they tend to feel comfortable with this 
approach. 

In the equation-based approach, the equations for all units are collected and solved si¬ 
multaneously. The natural decomposition of the system into its constituent unit operations is 
therefore lost. Moreover, the simultaneous solution of large numbers of equations, some of 
which may be nonlinear, can be a cumbersome and time-consuming problem, even for a pow¬ 
erful computer. For all these reasons, most commercial simulation programs were still based 
on the sequential modular approach when this text was written. 

However, there are disadvantages associated with the sequential modular method. The 
block subroutines for simulating specific unit processes are designed to operate in a forward 
calculation mode only: that is, they calculate product stream variables from given values of 
feed stream variables and process conditions. Frequently, the problems the process engineer 
wants to solve fall into either of two other categories: (a) given process conditions and product 
stream variables, calculate feed stream variables; (b) given feed and product stream variables, 
calculate process conditions. In both cases, iterative calculations using design specifications 
and convergence blocks are required to solve the problems using a sequential modular pro¬ 
gram. 
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lliese difficulties vanish if the system equations are simply collected and solved for all 
unknown variables. Several powerful equation-solving algorithms are available in commer¬ 
cial programs like Maple®, Mathematica®, Matlab®, Mathcad®, and E-Z Solve® that make 
the equation-based approach competitive with the sequential modular approach. Many re¬ 
searchers in the field believe that as this trend continues, the former approach will replace 
the latter one as the standard method for flowsheet simulation. (Engineers are also working 
on “simultaneous modular” methods, which combine features of both sequential modular and 
equation-based approaches. We will not deal with these refinements here, however.) 

The following example illustrates the equation-based approach. 



Simulation and Design of a Two-Column Separation Process 


Equipment 

Encyclopedia 

distillation 

column 


A stream containing 35.0 wt% benzene (B), 50.0% toluene (T), and the balance xylene (X) is fed 
to a distillation column. The overhead product from the column contains 67.3 wt% benzene and 
30.6% toluene. The bottoms product is fed to a second column. The overhead product from the 
second column contains 5.9 wt% benzene and 92.6% toluene. Of the toluene fed to the process, 
10.0% is recovered in the bottoms product from the second column, and 90.0% of the xylene fed to 
the process is recovered in the same stream. 


1. Perform a degree-of-freedom analysis on the process and outline a manual calculation proce¬ 
dure to determine the compositions of all streams. 

2. Construct a set of n equations in the n unknown stream variables identified in part 1. 


SOLUTION Basis: 100 kg Feed 


35 kg 
50 kg 
15 kg 



n 2 (kg B) 

« 3 l k 8 T > 

»4<kg X) 



B) 

« 7 (kg T): 10% of T in feed to Column 1 
« 8 {kg X): 90.0% of X in feed to Column 1 


Column 1 4 variables (nj,..., n 4 ) 

- 3 material bal ances 

= 1 local degree of freedom 
Column 2 7 variables (n 2 ,... ,« g ) 

- 3 material balances 

= 4 local degrees of freedom 

Process 5 local degrees of freedom (1 + 4) 

- 3 ties (n2.ftj.n4) 

- 2 additional relations (fractional recoveries 

of toluene and xyl ene in column 2 bottoms) 

= 0 net degrees of freedom 

The process is therefore properly defined and all unknowns can in principle be determined. 

A manual solution is easily outlined. The specified recoveries of toluene and xylene in the bottoms 
from the second column allow the immediate determination of n? and ng, leaving three unknowns— 
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iMMpEmo§ 


SOLUTION 


n { , « 5 , and n 6 —in the overall process system. Overall toluene and xylene balances provide two equa¬ 
tions in two unknowns— n x and n 5 —and an overall mass balance then yields Finally, benzene, 
toluene, and xylene balances on either Column 1 or Column 2 yield solutions for n 2 , n 3 , and « 4 . 

The system equations are given below. We first write the allowed balances for column 1, then those 
for column 2 , and finally the additional process specifications. 


Column 1 Balances 

B 

35.0 = 0.673«t + n 2 


(1) 


T 

50.0 = 0.306ni + /13 


(2) 


X 

15.0 = 0.021«i + n 4 


(3) 

Column 2 Balances 

B 

n 2 = 0.059n5 + 


(4) 


T 

n-} = 0.926«5 + n 2 


(5) 


X 

n 4 = 0.015ns + n $ 


(6) 


10% T recovery: *7 = 0.100(50.0) = 

5.00 

(7) 


93.3% X recovery: n 8 = 0.933(15.0) = 

14.0 

(8) 


We thus have eight equations in eight unknowns. The equations may easily be entered into an 
equation-solving program and solved to obtain n t = 48.1, m — 2.65, «3 — 35.3, « 4 = 14.0, ns = 
32.7, n 6 = 0.72,'n 7 = 5.0, and n s = 14.0. 

Although a computer is not needed to solve this particular set of equations, the same method can 
be used to derive sets of equations for much more complex processes—processes that do not easily 
yield to manual solution techniques. 


The next example illustrates the equation-based approach for a system that involves non¬ 
linear relations and recycle. 

-iS Simulation of an Equilibrium Reaction/Separation Process 

Ethane is dehydrogenated to ethylene and acetylene in the following pair of catalytic reactions: 
C 2 H 6 - C 2 H 4 + H 2 [A - B + D] 

C 2 H 6 - C 2 H 2 + 2H 2 [A ^ C + 2D] 

The reactions take place at 977°C and 1 atm and proceed to a point such that the product gas com¬ 
position satisfies the following equilibrium conditions: 

ME = 3.75 * 0.135 

y a y A 

where y denotes mole fraction. The product gas goes to a complex separation process that separates 
95 % of the unreacted ethane from the ethlyene, acetylene, and hydrogen and recycles the separated 
ethane to the reactor. 

Perform a degree-of-freedom analysis on this process, set up the equations for all unknown stream 
variables, and outline a method of solution. 

Basis: 100 mol Ethane Fed to the Reactor 


n 0 {moi C 2 H 6 ) 


The degree-of-freedom analysis proceeds in the customary manner. 
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Mixing Point 2 variables (« 0 , n 6 ) 

- 1 balance (ethane) 

= 1 local degree of freedom 
Reactor (Count balances on molecular species) 

4 variables (n t ,....n 4 ) 

- 4 molecular species balances 

- 2 equilibrium relations 
+ 2 chemical reactions 

= 0 local degrees of freedom 

Separation Process 6 variables (n t .« 6 ) 

- 1 balance (Ethane. We implicitly used up the balances on 

ethylene, acetylene, and hydrogen when we labeled the 
outlet flow rates of these species m, t? 3 , and 714 .) 

- 1 additional relation (95% of the ethane fed to the separator 

leaves with the product.) 

= 4 local degrees of freedom 

Process 5 local degrees of freedom (1 +0 + 4) 

- 5 ties (nu... ,n 4 ,n 6 ) _ 

= 0 net degrees of freedom 

The system equations are as follows. 

Mixing Point «o + = 100 ( 1 ) 

Reactor 

We will use the extent of reaction method for the reactor analysis (see Section 4.7e). From the two 


given stoichiometric equations, 

*1 = 100 mol - ft - ft ( 2 ) 

«2 = ft (3) 

= & (4) 

n 4 = ft + 2ft (5) 

«tot = n x + n 2 + n } +- — 100 mol + ft + 2 ft ( 6 ) 


The mole fraction of the ith component in the reactor effluent is /t, n, ot . The mole fractions of all 
four species can be expressed in terms of ft and ft using Equations 2 through 6 . and the resulting 
expressions can be substituted into the given equilibrium relations to yield the following equations; 



mx + 2&) 

(100 - ft - 6)(100 mol + ft + 26) 

(7) 


fe(ft+ 2&) 2 

(100 - f, - &)(100 mol + ft + 2 ft ) 2 

(8) 

Separation Process 

Ethane split; « 5 = 0.05/n 

(9) 


Ethane balance: 711 = tu + ti 6 

(10) 


We now have 10 equations in 10 unknowns (tj 0 , ..., tj*, « tot , ft, and ft). Once the equations are solved, 
any desired quantities may be determined, such as the component mole fractions in the reactor 
effluent, the overall and single-pass conversions, yields and seiectivities, and (if stream phases and 
temperatures are specified) required heat duties on the reactor and separation process. 

Examining the 10 equations, we see that two are nonlinear (Equations 7 and 8 ) and the remain¬ 
der are linear. The full set of 10 simultaneous equations could be entered into an equation-solving 
program, or the following procedure involving no more than two simultaneous equations could 
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• 

Equipment 

Encyclopedia 

reactor, tank, 
heat exchanger, 
cyclone, 
condenser, 
screener 


be used: 


Solve equations 7 and 8 simultaneously for £ and £> (trial and error—see below) j 


n, = 100 - £ 

-h (2) 

«2 = £1 

(3) 

n 3 = £2 

(4) 

= £1 + 2£> 

(5) 

n u> , = + n 3 + n 4 (6) 

1 



«5 — 0.05«i 

(9) 

nt, = ri\ — ns 

(10) 


I 


no = 100 - n 6 ( 1 ) 


The only problem that remains is the simultaneous solution of Equations 7 and 8 . We first rewrite 
each of the two equations in the form /(£, £) = 0 by multiplying through by the denominators of 
the left sides and bringing all terms to the left of the equal sign. Equation 7 becomes 

/i(ft, 6 ) = £i(£i + 2fe) - 3.75(100 - £ - &)(100 + £i + 2£) = 0 
and from Equation 8 

MS 1 , 6 ) = &(£i + 2 $z) 2 ~ 0.135(100 - £ - £ 0(100 + Si + 2 £i ) 2 = 0 

These two equations may be solved simultaneously using an equation-solving program or a numer¬ 
ical procedure like the Newton-Raphson algorithm (Section A.2h). The solution is £ = 83.06 mol, 
£ = 6.127 mol. Equations 2-5, 9-10, and 1 then yield n\ = 10.81 mol, n 2 = 83.06 mol, n 3 = 
6.127 mol, n 4 = 95.32 mol, n 5 = 0.5405 mol, n* = 10.27 mol, n 0 = 89.73 mol. 


The final example illustrates the analysis of a multiple-unit process with several internal 
cycles, using both the sequential modular and equation-based approaches. 

Simulation of an Ammonium Nitrate Plant 1 

Ammonium nitrate, a constituent of many fertilizers, is manufactured in the reaction of ammonia 
and aqueous nitric acid: 

NH 3 (g) + HN0 3 (aq) -> NH 4 N0 3 (aq) 

A labeled flowchart is shown in Figure 10.3-1. The principal features of the process are summarized 
in the paragraphs that follow. 

The nitric acid fed to the process is a 59.5 wt% solution that enters a charge tank at a rate of 10,970 
kg/h. Also fed to the tank are two recycle streams coming from different parts of the process. Both 
of these streams contain ammonium nitrate, and one also contains dissolved ammonia. 


2 This example is based on a process description in L. B. Andersen and L. A. Wenzel, Introduction to Chemical 
Engineering , McGraw-Hill, New York, 1961. 














10.3 Equation-Based Simulation 527 



Figure 10.3-1 Flowchart of an ammonium nitrate production process. 


A liquid stream from the charge tank is heated from 24°C to 149°C and fed to the reactor, along 
with a stream of ammonia vapor at 108°C and 4.5 bar. The total ammonia fed to the reactor is 5% 
in excess of the amount needed to react completely with the nitric acid in the feed. At the reactor 
operating conditions, the ammonium nitrate is formed as liquid droplets and most of the water in 
the acid is vaporized. The reaction goes to completion. 

The reactor effluent—a gas-liquid mixture—leaves the reactor at a temperature of 238°C and 
flows into a cyclone separator. The tangential flow of the mixture generates a centrifugal force on 
the liquid droplets that impels them to the wall. The droplets adhere to and flow down the wall to the 
base of the unit where they are contacted with hot air, which vaporizes essentially all of the water 
and a small amount of the ammonium nitrate, leaving the remaining ammonium nitrate in a molten 
condition. The mass ratio of air to reactor effluent entering the cyclone is 0.045:1. Before entering 
the cyclone, the air is heated from 24°C to 205°C by exchange of heat with the gases leaving the 
cyclone. 

The molten ammonium nitrate stream leaves the separator at 199°C and is air-cooled on a slowly 
moving belt to a temperature at which it ail solidifies. The solid ammonium nitrate is then ground 
and screened. All but the smallest particles (the “fines”) go through a coating process and then to 
bagging and shipping. The fines, which account for 16.4% of the nitrate fed to the grinding mill, are 
recycled to a tank where they are redissolved in acid and recycled to the charge tank. 

The gas stream leaving the cyclone contains hot air, the excess ammonia, water evaporated from 
the nitric acid solution in the reactor and from the collected liquid in the cyclone, and 3% of the 
ammonium nitrate in the reactor effluent. The stream leaves the separator at 233°C, passes through 
the air preheater, and enters a partial condenser where some of the water and ammonia and essen¬ 
tially all of the nitrate are condensed. The equilibrium relationship between the compositions of the 
vapor and liquid streams leaving this unit may be expressed in the form 

yujo = /i(xh 2 o.-*nh 3 ) 

TNHj = /2(xH 5 o,.r NH3 ) 

where y and x denote mass fractions in the gas and liquid phases, respectively. The gas stream leav¬ 
ing the partial condenser passes to a second condenser, which removes the remaining water and 
ammonia, leaving essentially pure air to be discharged to the atmosphere. 
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SOLUTION 


It is desired to calculate the mass flow rates mo,..., mn (see Figure 10.3-1), the temperature of the 

gas entering the partial condenser (T a ), and the heat duties on the acid heater ((3h) and the reactor 
(fit). 

1. Carry out a degree-of-freedom analysis on the process. 

2. Set up a sequential modular simulation of the process, using the following blocks: 

MIX Mix two or more streams of known composition adiabatically to form a single 
outlet stream. Calculate the component flow rates and temperature of the outlet 
stream. 

REACT Take as input a stream of reactants at a specified temperature and carry the 
reaction to completion at a specified outlet temperature. 

SEPR Separate a feed stream with specified component flow rates into two outlet 
streams. The fractions of each component that go into the first outlet stream are 
specified. 

CONDNS Carry out a partial condensation on a multicomponent feed stream. 

EXCH Exchange heat between two streams. The flow rates of both streams are specified, 
as are the inlet and outlet temperatures of one stream and the inlet temperature 
of the second. 

HEAT Raise or lower the temperature of a stream by a specified amount. 

CONVG Perform a Wegstein search to determine the value of one or more tear stream 
variables. 

CALC Perform a simple calculation of a specified stream variable from input stream 
variable values (a user-written subroutine). 

3. Write a set of equations for all unknown variables; that is. set up the problem in a form suitable 
for solution using an equation-solving algorithm. 


1. Degree-of-freedom analysis. We will present the analysis with a minimum of comment. Try to 
justify to yourself the given number of relations for each process unit. 

Reactor (Count balances on molecular species.) 

8 variables (mo,..., m$, Qt) 

- 4 balances (ammonia, water, nitrate, energy) (We do not include a nitric acid 

balance, since we did not label an outlet flow rate for this species.) 

- 2 additional relations (% excess ammonia, complete conversion) 

4- 1 chemical reaction __ 

= 3 local degrees of freedom 

Cyclone 

8 variables (m 4 ,.... mu) 

- 3 balances (ammonia, water, ammonium nitrate)(Why not air?) 

- 2 additional relations (air/reactor effluent mass ratio, ammonium nitrate split) 

= 3 local degrees of freedom 


Grinders 

3 variables (m u ,... ,mi 3 ) 

- 1 balance (ammonium nitrate) 

- 1 additional relation(% fines) 

= 1 local degree of freedom 


Preheater 

5 variables {mi ,... ,mio, T a ) 

- 1 balance (energy—Why no material balances?) 


= 4 local degrees of freedom 





Partial Condenser 
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9 variables (m 7 ,.. .,m l0 ,m l4 _ ,m l7 ,r. d ) 

- 2 balances (ammonia, water) 

- 2 additional relations (equilibrium relations for ammonia and water) 
= 5 local degrees of freedom 

Final Condenser 

3 variables (/n 7 ,m 16 ,m 17 ) 

- 0 balances (Why ?) 

= 3 local degrees of freedom 

Fines Dissolving Tank 

1 variable ( m u ) (We are ignoring rh 3Cid , 
for reasons to be discussed below) 

- 0 balan ces 

= 1 local degree of freedom 

Acid Charge Tank 

7 variables (wi,m 2 ,/n 3 ,/n l0 ,»i 12 ,m 14T /n ls ) 

- 3 balances (ammonia, water, ammonium nitrate) 

= 4 local degrees of freedom 

Acid Heater 

4 variables (m\,m 2 ,m 3 ,Qh) 

-1 balance (energy) 

= 3 local degrees of freedom 

Process 


27 local degrees of freedom 
- 27 ties (Referring to Figure 10.3-1, count the m.) 

= 0 net degrees of freedom 

The process is therefore well defined. 

In our analysis of the fines dissolving tank, we paid no attention to m acid . The reason is that 
from the standpoint of the requested process analysis, the value of this flow rate is both inde¬ 
terminate and immaterial. Whatever the quantity of acid that flows to the fines dissolving tank 
from the acid charge tank, the same quantity flows back. Since the value of m aad has no bearing 
on any of the other material flows and we have no way of calculating this value from the given 
information about the process, we may as well ignore it when setting up the simulation. 

2 . Sequential modular simulation. Examination of the flowchart of Figure 10 . 3-1 shows that there 
are two cycles in the process. The first includes the reactor, cyclone, preheater, partial condenser, 
acid charge tank, and acid heater, and the second includes the reactor, cyclone, ammonium nitrate 
cooler, grinders, fines dissolving tank, acid charge tank, and acid heater. We can tear both cycles 
at once between the charge tank and the acid heater, between the heater and the reactor or 
between the reactor and the cyclone. The stream between the reactor and the cyclone involves 
three variables (m 4 , m 5 , and trq,), one of which may immediately be eliminated by virtue of the 
specified percentage excess of ammonia in the reactor feed. Since no other potential tear stream 
involves fewer variables, we will choose this location as the tear point. 

Figure 10.3-2 shows a block diagram of the simulation. Note the following features of the 
diagram. 
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Figure 10.3-2 Block diagram for sequential modular simulation of ammonium nitrate process. 


1. Blocks are not included for the fines dissolver and the ammonium nitrate cooler, since 
both of these units serve simply to pass along a stream of material from one unit to an¬ 
other. If energy balances on these units were required, we would then include blocks for 
them. 

2. Two calculation blocks are included. In the first (Cl), the value of the ammonia fresh feed 
rate ( m 0 ) will be calculated from the known value of the nitric acid feed rate, the calculated 
quantity of recycled ammonia (mi), and the specified percentage excess ammonia in the 
reactor feed (5%). In the second block (C2), the flow rate of air (m 7 ) will be calculated 
from the known mass flow rate of the reactor effluent (m 4 + m 5 + m g) and the specified 
mass ratio of air to reactor effluent (0.045). 

3. The SEPR block must be used to simulate the cyclone. However, since this block only 
accepts a single input stream, the reactor effluent and air feed must first be combined in 
a MIX operation, even though there is no physical mixing stage in the process. 

The simulation would begin with a guess at the tear stream variables (S5B). The subroutine 
calling sequence for the simulation would then be as follows. 

CALL CALC2(C1,S5B,S3) 

Calculates m 7 , hence streams S3, S4, and Sll 

CALL MIX(Ml,S5B,$4,S6) 

CALL SEPRCSP1,S6,S7,S13) 

Takes as input the flow rates of air (m 7 ), ammonia (m 4 ), ammonium nitrate (ms), and water 
(m 6 ) entering the cyclone and the known splits of air, ammonia, water, and ammonium nitrate, 
and calculates the component flow rates of streams S7 and S13 (mg,... ,«u). 

CALL SEPR(SP2,S13,S14,SIS) 

Calculates m l2 and m l3 from the specified fraction of fines in the grinder product. 

CALL EXCH(E1,S3,S4,S7,S8) 

Calculates T s from the known stream flow rates and the three other stream temperatures. 
CALL CONDS(CD1,S8,S9,S10) 

Calculates m 14 ,..., m ]7 from the known flow rates of stream S8 and the equilibrium relations 
for ammonia and water. If the temperatures of S9 and S10 were specified, the subroutine could 
also determine the required heat duty on the condenser. 
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At this point in the calculation, we could call SEPR for unit SP3. However, since this calcula¬ 
tion has no bearing on the convergence of the iterative cyclic calculations, we may as well hold 
off on it and do it only after the iterative procedure has converged. 

CALL MIX(M2,SI,S10,S14,516) 

Calculates m u m 2 , and m 3 . Notice that in previous flowsheet simulation examples, our MIX block 
could only handle two inlet streams. If that were the case here, we would need two block calls— 
one to mix SI and S14, and the next to mix the product of the first stage with S10. 

CALL CALC1(C1,S16,S2) 

Calculates m 0 from the known value of the nitric acid feed rate, the current value of the am¬ 
monia recycle rate («,). and the specified value of 5% excess ammonia in the reactor feed. 

We will bypass the call of HEAT for the acid heater at this point, for the same reason we did 
not call SEPR for the final condenser. This calculation is not needed to complete the cycle, and 
so we need only do it after the cyclic calculation has converged. 

CALL MIX(M3,S2,S17,S18) 

Calculates the combined feed to the reactor. 

CALL REACT(R1,S18,S5A) 

Calculates the reactor effluent (S5A) flow rates m 4 ,m$, and m 6 and the required heat duty on 
the reactor, Q r . ' 

CALL C0NVG(CN1,S5A,S5B) 

Compares the estimated (S5B) and recalculated (S5A) values of the tear stream variables. If they 
do not agree within a specified tolerance, the program generates a new set of estimated values 
using the Wegstein algorithm and goes back to the first step [CALL MIXfMl,...)] to beein a 
new cycle. If convergence is achieved, the program proceeds to the remaining calculations. 
CALL SEPR(SP3,S9,Sll,S12) 

Calculates the flow rates of two of the process product streams. If temperatures of S9,511, and 
S12 were specified, an energy balance could be performed on this unit as well. 

CALL HEAT(HI,S16,S17) 

Calculates the required heat duty on the acid heater, Q h . 

3. Equation-based simulation. The system equations are presented below. Verify that each set 
of equations is consistent with the degree-of-freedom analysis for that unit. 

Reactor 

Nitric acid fed (and reacted) = (6527 kg/h)/(63.0 kg/kmol) = 103.6 kmol/h 

_ . mo + mi 

Excess ammonia: 170 kg;kmol = 1-05 X 103.6 kmol/h 

t 

bio + mi = 1849 kg/h 
Water balance: m2 — thf, 

Ammonium nitrate balance: m 5 = 103.6 kmol/h formed (80.0 kg/kmol) 

I 

ms = 8288 kg/h 

Ammonia balance: m 4 = 1849 kg/h fed - (103.6 kmol/h react)(17.0 kg/kmol) 

I 

rh 4 = 88 kg/h 


( 1 ) 

( 2 ) 
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10.4 COMMERCIAL PROCESS SIMULATION PACKAGES 

A number of programs have been written to simulate steady-state processes using a sequen¬ 
tial modular approach (some with imbedded simultaneous equation solution capability), At 
the time this text was written, the most frequently used general purpose programs and the 
companies that distributed them were aspen plus® (Aspen Tech), chemcad® (Chemstations), 
hysys® (Hyprotech), design ii® (WinSim), and provision® (Simulation Sciences). Other pro¬ 
grams have been written specifically for particular process industries, such as the petroleum 
processing and pulp and paper manufacturing industries. 

Besides having provisions for simulating most of the principal types of process equipment, 
the more extensive of these programs have routines that generate physical properties of hun¬ 
dreds of chemical species, either from built-in data tables or by using estimation formulas. In¬ 
cluded in the stored data are boiling and melting points, liquid densities, critical constants, heat 
capacities, latent heats, solubilities, and vapor pressures. 

The simulation program is written so that a block subroutine that requires a physical prop¬ 
erty automatically retrieves the property from the data bank. In addition, it is possible for the 
user to have direct access to the data, and it is not uncommon for a simulation program to be 
used just to generate physical properties of materials without actually carrying out a simulation. 

The design of a process unit to achieve a desired output from a specified input normally 
includes a calculation of the unit size, which is the principal determinant of the installation and 
operating costs of the unit. A number of general estimation formulas have been proposed to 
predict the cost of a specific type of unit from a given size-dependent parameter (e.g.. volume, 
heat transfer area, or power rating of a pump). These formulas have been built into some simu¬ 
lation programs. The normal procedure for using them is to solve all system material and energy 
balances in the manner we have described and then to call the subroutines that determine the 
sizes and costs of the units. 

Equation-based flowsheet simulators have not reached the ievel of commercialization of 
their sequential modular counterparts as of the time of this writing, and the development of 
efficient equation-solving algorithms is the subject of much continuing research. 


10.5 FINAL CONSIDERATIONS 

This chapter has introduced computer process simulation—using computers to carry out ma¬ 
terial and energy balance calculations on processes at steady state. When thinking about the 

chapter material, remember the following points: 

• Whether you do process analysis manually or with a spreadsheet or simulation program, you 
can only determine all unknown process variables associated with a process if the process has 
zero degrees of freedom. It is therefore always a good idea to perform a degree-of-freedom 
analysis before attempting to solve the system equations. 

• If a process has positive degrees of freedom, you must select as many design variables as 
there are degrees of freedom, and then solve the system state equations for the remaining 
(state) variables. Which variables you select as design variables can have a dramatic effect 
on the difficulty of the subsequent calculations. 

• For single-unit processes, it is usually desirable to pick design variables that minimize the 
number of state equations that must be solved simultaneously. For multiple-unit processes, it 
is desirable to pick design variables to minimize the number of cycles on the flowchart. When 
doing calculations for cycles on flowcharts, it is desirable to tear as many cycles as possible 
with the minimum number of tear stream variables. These rules of thumb may not always 
lead to the most efficient calculations and they may contradict one another, however, so that 
finding the best combination of design and tear stream variables may require considerable 
trial-and-error for complex processes. 

• When you first construct a simulation, don’t believe any of the initial results it gives you until 
you have checked as many of them as possible with manual calculations. Once the first set 
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PROBLEMS 


• 

Equipment 

Encyclopedia 

distillation 

column 


of results has been verified, it is probably safe to believe results for additional cases. (There 
are never any absolute guarantees, however.) 

You are advised at this point to go back over the instructional objectives at the beginning of the 
chapter and review the chapter material on any objectives you feel you have not yet mastered. 


10.1. Draw and label a flowchart and determine the number of degrees of freedom for each of the given 
systems. Give a feasible set of design variables and, if possible, an infeasible set. The solution to part 

(a) is given as an example. 

(a) An aqueous solution of sulfuric acid at temperature T 0 is diluted with pure water at the same 
temperature in an adiabatic mixer. Calculate the final mixture temperature. 

mjtkg H 2 S0 4 {aq}] ® r 0 (°C) 

*i(kg HjSCVkg) 


m 2 (kg h 2 o (I)} @ r 0 ra 


Solution: 7 variables (mi, jq, m 2 , m 3 , x 3 , To, T) 

- 3 relations (2 material balance s and 1 energy balance) 

= 4 degrees of freedom 

One feasible set of design variables (there are others) is 

{m,, x u m z , T 0 } 

If you are given values of these variables you can calculate m 3 (total mass balance), x 3 (H2SO4 
balance), and T (energy balance). An infeasible set is 

{m lf m 2 , m 3 , T 0 } 

Once m t and m 2 have been specified, m 3 is fixed by a total material balance and may not be 
independently assigned a value. 

(b) A natural gas containing methane, ethane, and propane at temperature T\ is mixed with pre¬ 
heated air at temperature T 2 , and the mixture is heated to 200°C. Calculate the required heat 
input. 

(c) A stream containing hexane vapor in nitrogen at temperature 7) is cooled at constant pressure, 
condensing 95% of the hexane. Calculate the product temperature. 

10.2. Benzene (B) and chlorobenzene (C) are being separated in a distillation column. Vapor and liquid 
streams, each containing both species, are fed to one of the trays of the column, and liquid and vapor 
streams are taken off the tray. The tray functions as an ideal stage (see Problem 6.63): the effluent 
streams are in equilibrium at temperature T and pressure P, with compositions related by Raoult’s 
law, Equation 6.4-1. 


m 3 (kg)« 71*0 


-t 3 (kg H 2 S0 4 /kg) 


rtjtmo! vapor) 


n 3 (mol vapor) 


-titmol B/mol) 

n 2 (mol liquid) 

IDEAL 

STAGE 

x 3 (mol B/mol) 

/i 4 (mol liquid) 

f-J 

Equilibrium at 
' T, P 


x 2 (mol B/mol) -j 4 (mol B/mol) 


Calculate the number of degrees of freedom. Then specify sets of design variables for which the 
solution for the remaining state variables would be (a) straightforward, (b) iterative, and (c) impos¬ 
sible. 

10.3. Barium sulfate is reduced with carbon as part of the manufacture of lithopone, a white pigment: 

2 BaSO«(s) + 4 C(s) - 2 BaS(s) + 4 C0 2 (g) 

A mixture of crushed barite (an ore containing x& kg BaSCVkg barite) and coal (containing xc kg 
C/kg coal) at temperature T 0 (K) is fed to a furnace. Essentially all of the barium sulfate in the feed 
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is converted. As part of the furnace design, you must specify for a basis of 100 kg barite ore the 
masses of coal fed and of carbon, barium sulfide, carbon dioxide, and other solids emerging from 
the reactor, as well as the product temperature and required heat input to the furnace. 

(a) Draw and label a flowchart, and calculate the degrees of freedom of the process. 

(b) Outline the solution procedure (i.e., list in order the equations you would write and the variables 
you would determine) if you are given values of .vb, xc. 7o, the percent excess coal fed, and the 
product temperature. If a solution involves iteration or is impossible, say so, 

(c) Repeat part (b), assuming that the specified variables are .v B , *c. To, the mass of BaS produced, 
and the heat input to the furnace. 

(d) Repeat part (b), assuming that the specified variables are x s , x c , To, the percent excess coal fed, 
and the heat input to the furnace. 

10.4. Ethyl alcohol can be bacterially oxidized to acetic acid in the following two-step fermentation se¬ 
quence: 

2 C 2 H 5 OH + 0 2 — 2 CHjCHO + 2 H 2 0 
2 CH 3 CHO + 0 2 — 2 CHjCOOH 

If the alcohol-containing feedstock is wine, cider, or a malt solution, the resulting solution is vinegar. 

An aqueous solution containing ethyl alcohol in water is fermented to produce dilute acetic acid. 
The feed mixture (the ethanol solution and the bacteria that make the fermentation occur) and air 
are fed at a temperature T 0 . The product solution contains ethanol, acetaldehyde (CHjCHO), acetic 
acid, and water. All liquid and gaseous effluents are at temperature T. The variables involved in the 
process are n( (mol feed solution), x et (mol ethanol/mol feed solution), « air (mol air fed). P„ (percent 
excess air), n e , n ah , n aa , n w (gram-moles of ethanol, acetaldehyde, acetic acid, and water, respectively, 
in the product mixture), n ox , n„ (gram-moles of oxygen and nitrogen, respectively, emerging from 
the reactor), T 0 , T, and <2(kJ heat transferred). 

(a) Calculate the number of degrees of freedom of the process. How would the answer differ if the 
reactor were adiabatic? 

(b) Outline the solution procedure to determine all unknown variables from given values of n { , ,r ef , 
Pxs, «e, n „ h , T 0 , and T. 

(c) Specify a set of design variables that would require an iterative solution for the remaining state 
variables. 

(d) Specify an infeasible set of design variables. 

10.5. Propylene is converted to butyraldehyde and n-bulanol in the following reaction sequence: 

C 3 H 6 + CO + H 2 -* C 3 H 7 CHO (butyraldehyde) 

C3H7CHO + H 2 — C 4 H 9 OH (n-butanol) 

Liquid propylene, gaseous carbon monoxide and hydrogen, and a soluble cobalt catalyst are fed to 
a high-pressure catalytic reactor. The reactor effluent goes to a flash tank, where ail of the solution 
constituents are vaporized except the catalyst, which is recycled to the reactor. The reaction products 
are separated from unconsumed reactants in a multiple-unit process, and the product stream, which 
contains both butyraldehyde and n-butanol, is subjected to additional hydrogenation with excess 
hydrogen, converting all of the butyraldehyde to butanol. 



Catalyst 


(A more detailed flowchart is shown on p. 769 of G. T. Austin, Shreve's Chemical Process Industries, 
5th Edition, McGraw-Hill, New York, 1984.) 

(a) Redraw and label the flowchart, including in the labeling the molar flow rates of all stream 
components, the temperatures of each stream, and the heat duties (Q) for each unit. If all of 
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distillation 
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a species entering a process unit leaves in a single product stream, use the same variable label 
at the inlet and outlet. Calculate the number of degrees of freedom for each subprocess (the 
reactor, flash tank, separation process, and hydrogenator) and then the number for the entire 
process. (See Example 10.3-1.) 

(b) Why must the catalyst circulation rate be a design variable? 

10.6. Normal butane is catalytically isomerized to isobutane. A fresh feed stream containing pure 
n -butane at temperature ri(°C) is mixed adiabatically with a recycle stream containing n -butane 
and isobutane, and the combined stream is fed to the reactor, where some but not all of the n-butane 
in the feed is converted. The reactor effluent is pumped to a distillation column. The overhead distil¬ 
lation product contains primarily isobutane and a small amount of n-butane. The bottoms product, 
which also contains both species, is the stream recycled to the reactor. The streams leaving the 
distillation column are at different temperatures. 

(a) Determine the number of degrees of freedom associated with the feed mixer, the reactor, the 
distillation column, and the entire process. Include all unknown process stream temperatures 
and process unit heat duties in your analysis. 

(b) Suppose a single-pass conversion of 35.0% is attained in the reactor, the overhead distillation 
column product contains 88.5 mole% isobutane, and the recycle stream contains 85.0 mole% 
u-butane. Calculate the overall conversion, the recycle ratio (mol recycle/mol fresh feed), and 
the gram-moles of overhead product produced per 100 mol fresh feed. 

(c) Solve the problem of part (b) again, only this time do it as it might be done by a sequential 
modular simulation of the process. Take a basis of calculation of 100 mol fresh feed and choose 
n r (mol recycle) as the tear stream variable. Begin by assuming n T = 100 mol and go through 
three successive substitution iterations (Appendix A.2). What is the percentage error in the third 
calculated value of n r ? 

(d) Repeat part (c), only perform a Wegstein acceleration step (Appendix A.2) after the first two 
successive substitution iterations. What is the percentage error in the last calculated value of « r ? 

(e) Set up a spreadsheet to do the calculations of parts (c) and (d), using Example 10.2-3 as a model. 
Proceed to convergence. 

10.7. Simulate a module called SPLIT, which takes a feed stream (SF) and splits it into two streams 
(SI and S2), each having the composition and temperature of the feed stream. A fraction XI 
of the feed stream becomes stream SI, and a fraction (1-X1) becomes S2. Up to four components 
may be present in the feed stream, so that each stream has associated with it five attributes: four 
component molar flow rates and the stream temperature. Test your simulation for a feed stream 
flowing at a rate of 150 mol/h at T — 315 K containing 35 mole% n-octane (A), 57% iso-octane 
(B), and the balance a chemically inert species (C), which is to be split into two streams in a 60:40 
ratio. 

(a) Write a spreadsheet to perform the simulation. Draw a flowchart on the spreadsheet and label 
each stream with the component flow rates and temperature (see Example 10.2-1). Include the 
split ratio (XI) in a separate cell and vary it to show its effect on the component flow rates in 
streams SI and 52. 

(b) Write a computer subprogram to simulate the module (see Example 10.2-1). The arguments of 
the subprogram should be SF, SI, and S2 (each five-membered arrays), Xl, and N, the number 
of components in the feed stream (which may be any number from one to four). Xl, N, and the 
elements of SF are input variables, and the elements of SI and S2 are output variables. Write 
and run a calling program that assigns the test case values to the input variables, calls the module 
subprogram, and prints out the attributes of SI and S2. 

10.8. You have been assigned to simulate a flash evaporator that separates a liquid feed stream containing 
benzene and toluene at temperature 7V(°C) into liquid and vapor product streams in equilibrium at 
temperature T (°C) and pressure P (mm Hg). The compositions of the product streams are related 
by Raoulf s law (Equation 6.4-1), and the component vapor pressures are expressed by the Antoine 
equation (Table B.4). 

A spreadsheet that performs the required material and energy balances and vapor-liquid equi¬ 
librium calculations on this process unit is shown on the next page. In the test case, a 40 moie% 
benzene-60 mole% toluene mixture is fed to the evaporator at 7> = 120°C and a pressure high 
enough to assure that the feed stream remains in the liquid state. The unit operates at T = 100°C 
and P = 800 mm Hg. 
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44.13 mot vapor product/s 



0.307 mol C 6 H 6 {l)/mol 
0.693 mol C 7 H 8 (l>/mol 


References: C 6 H 6 {I, 0°C), C 7 H 8 {I, 0°C5 


Species 

"in H jn 

n ouf ^out 

c 6 h 6 (I) 

C 7 H 8 (I) 

c 6 h 6 m 

C 7 H 8 (v) 

40 16.56 

60 19.80 

17.14 13.80 

38.73 16.50 

22.86 43.67 

21.27 50.52 


n in mol/s 
H in hj/moi 


p B ' = 1350.491 mm Hg 
p T ‘ = 556.3212 mm Hg 


f B = 0.571 mol C 6 H 6 vaponzect/moie C S H 6 fed 
jf T = 0.354 mol C 7 H 8 vaporize<j/mcie C 7 H 8 fed 


Q = 1097.9 kj/sj 


The heat capacities of liquid benzene and toluene have been taken to be 0.138 kj. (mol-'Q and 
0.165 kJ/(mol-°C), respectively, and the vapor heat capacities and heats of vaporization of both 
species are those given in Appendix B. 

(a) Derive expressions for the quantities in boldface on the spreadsheet—that is. the flow rates 
and compositions of the liquid and vapor product streams, the vapor pressures of benzene and 
toluene at the evaporator temperature, the fractional vaporizations of benzene and toluene, 
the specific enthalpies of benzene and toluene liquid at 7> and T and of benzene and toluene 
vapor at T (all relative to the liquid species at 0°C), and the required rate of heat transfer to the 
evaporator. 

(b) Create a spreadsheet that replicates the one shown above, entering the formulas derived 
in part (a) and, if possible, imbedding the graphics for the streams and the process unit. 
In the formulas, enter the cell addresses for variables appearing elsewhere on the spread¬ 
sheet: for example, if a formula involves the mole fraction of benzene in the feed, do not 
enter “0.40” but the cell address of this variable on the spreadsheet. In this way. variables like 
the benzene mole fraction in the feed and the temperature and pressure of the evaporator 
may be changed and the new values of the calculated variables will be instantly determined. 
When the spreadsheet is complete, use it to determine the bubble-point and dew-point 
temperatures of a 40 mole% benzene-60 mole% toluene mixture at P = S00 mm Hi 
Print out the spreadsheets for T = 100°C and for the bubble-point and dew-point temper¬ 
atures. 

(c) Write the code for a subprogram called FLASH to simulate the evaporator. The input variables 
should be the attributes of the feed stream (benzene and toluene flow rates and 7 >). T. P. and 
the physical properties of the feed stream species (Antoine constants, heat capacity formula co¬ 
efficients for liquid and vapor, and heats of vaporization). The output variables are the attributes 
of the vapor and liquid product streams and Q. Write and run a calling program that defines the 
values of the feed stream variables and other input variables (use The test case values i. calls 
the subprogram, and prints out the output variables. The physical properties mav be passed 
to the subprogram either as arguments or through a COMMON or GLOBAL block. 

10.9. You are to simulate a flash evaporator that converts a liquid feed stream fSF) containing X swedes 
at a high pressure to liquid and vapor product streams (5L, SV) in equilibrium at temperature T ,: O 
and pressure P {mm Hg). The compositions of the liquid and vapor product streams are related by 
Raoult’s law (Equation 6.4-1), and the component vapor pressures are expressed bv the .Antoine 
equation, Table B.4. 
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(a) Write the system mass and energy balances and equilibrium relations in terms of the following 
variables: 


The molar flow rates (mol/s) of feed, liquid product, and vapor 
product. 

The mole fractions of the t'th component in the feed, 
liquid product, and vapor product, where I runs from 
1 to (N - 1). 

Feed temperature, vaporizer temperature, and pressure, respectively. 

Vapor pressures of the N species at temperature T, where I runs 
from 1 to N. 

Antoine equation constants for the N species involved in 
the process (transmitted to the subroutine via a COMMON or GLOBAL 
statement). 

Liquid-phase heat capacities [kJ/(mol-°C)] of the N species 
(transmitted via COMMON or GLOBAL). Assume independent of 
temperature. 

Heats of vaporization (kJ/moi) of the N species (transmitted via 
COMMON or GLOBAL). Assume independent of temperature. 

The required heat input (kW) to the vaporizer. 

Show that the system has (N + 3) degrees of freedom, counting as the system variables three 
stream flow rates, 3 (N - 1) mole fractions, N vapor pressures, TF, T, P, and Q. Then work out a 
trial-and-error procedure for determining the product stream flow rates and mole fractions and 
Q from specified values of TF, T, P, and the feed stream molar flow rate and component mole 
fractions. 

(b) Write a module subroutine FLASHN to implement the procedure outlined in part (a) for a feed 
stream containing up to seven components. The arguments of the subroutine should be N, SF, SV, 
SL, P, and Q, where SF, SV, and SL are eight-membered arrays. The first N elements of each array 
are the component molar flow rates and the (N + l)st element is the stream temperature, The 
input variables are SL(N + 1) and SV (N + 1) (both of which equal the vaporizer temperature), P, 
and the attributes of SF (N molar flow rates and the feed temperature), and the outlet variables 
are Q and the remaining attributes of SV and SL. 

(c) Test your code for a feed stream containing 34.8 mole% n-pentane, 30.0 mole% n -hexane, and 
the balance «-heptane flowing at a rate of 1.00 mol/s which is to be flashed from 363 K and 
a high pressure to 338 K and 611 mm Hg. The heat capacities of liquid pentane, hexane, 
and heptane [in kJ/(mol-K)] may be taken to be 0.188, 0.216, and 0.213, respectively, and 
the heats of vaporization may be taken to have their values at the normal boiling points of 
these substances. Write and run a calling program that defines the attributes of SF and other 
input parameters (including the heat capacities and heats of vaporization), calls the module 
subroutine, and prints out the attributes of the product streams and the required heat input. 

(d) Use a process simulator to perform the same calculations. 

(e) Use an equation-solving program to perform the same calculations. 

10.10. You are to simulate a partial condenser module that converts a vapor feed stream (SF) containing 
a single condensable species at temperature TF(K) to liquid and vapor product streams (SL, SV) 
in equilibrium at a temperature T(K). The process takes place at a constant pressure P(atm). The 
compositions of the liquid and vapor product streams are related by Raoult’s law (Equation 6.4-1), 
and the component vapor pressures are correlated with temperature by the Antoine equation, Table 

The system variables are as follows: 


NF,NL,NV 

XFCI) 

XL (I) 

XV (I) 
TF,T,P 
PVCI) 

A(D 

BCD 

CCD 

CPCD 


HVCI) 

Q 


NF,NL,NV 

XF 

XV 

tf.t.p 

PV 

A,B,C 


mol/s of feed, liquid product, and vapor product. 

Mole fractions of the condensable substance in the feed and the vapor 
product. 

Feed temperature (K), condenser temperature (K), and condenser pressure 
(atm), respectively. 

Vapor pressure (mm Hg) of the condensable substance at temperature T. 
Antoine equation constants for the condensable substance. 
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CPL Liquid-phase heat capacity [kJ/(mol-K)] of the condensable substance. 

Assume independent of temperature. 

HV Heat of vaporization (kJ/mol) of the condensable substance. Assume 
independent of temperature. 

CPV | Heat capacities [kJ/(mol-K)] of the condensable vapor and the noncondensable 

CPG \ gas. Assume independent of temperature. 

Q Required heat input (kW) to the condenser. (Q will be negative.) 

(a) Show that the system has five degrees of freedom, counting as the system variables three stream 
flow rates, two mole fractions, one vapor pressure, TF, T, P, and Q. 

(b) The input variables to the module are to be the molar flow rates of the condensable and non¬ 
condensable feed stream constituents [SF(1) and SF(2)], the feed temperature {SF(3) = TF], 
the operating pressure of the condenser (P), and the fraction YC of the condensable species in 
the feed that is to be condensed. (The heat capacities and heat of vaporization must also be 
supplied.) The output variables are the molar flow rate of the liquid product stream [SL(1)], 
the molar flow rates of the vapor product stream constituents [SV(1) and SV(2)], the operating 
temperature of the condenser (SL(2) = SV(3) = T], and the required heat transfer rate (Q). 
Outline the required calculations. 

(c) Write a spreadsheet to perform the calculations of part (b) for a feed stream flowing at LOO 
mol/s containing methyl alcohol in air at 60°C and 1 atm with a relative saturation of 85%, from 
which 90% of the methanol is to be removed by partial condensation at constant pressure. The 
heat capacities in kJY(mol-K) of liquid methanol, methanol vapor, and air may be taken to be 
0.078, 0.050, and 0.030, respectively. After you have generated the solution and recorded the 
output variable values, use the spreadsheet to generate a plot of condenser temperature (T) 
versus fractional methanol removal (YC), and briefly explain why the plot looks the way it does. 

(d) Use an equation-solving program to perform the calculations outlined in part (c). 

(e) Write a computer subprogram CNDNS to implement the procedure of part (b) for the test case 
of part (c). The subroutine arguments should be SF, SV, SL, P, YC, and Q. Input variables are 
YC, P, and the attributes of SF, and output variables are Q and the attributes of SV and SL. The 
values of physical property parameters, A, B, C, CPL, CPV, CPC, and HV should be transmitted to 
the subprogram either as additional arguments or through a COMMON or GLOBAL statement. Then 
write and run a calling program that defines the attributes of SF and other input and physical 
property parameters, calls the subprogram, and prints out the input and output variable values 
for the test case of part (c). 

10.11. You are to simulate a single-phase reactor in which a single reaction takes place. The reaction has 
the general form. 

viA\ + v 2 A 2 + v 2 A 2 + • • • +■ v m A m — 0 

In this equation At is the zth reactant or product and v; is the stoichiometric coefficient of this species 
(negative for reactants and positive for products). It is also convenient to define v ; for each inert 
species in the feed to the reactor, assigning it a value of 0. The inputs to the module are the feed 
stream flow rate, composition, and temperature, the fractional conversion of one of the reactants, 
and the product stream temperature. The module is to calculate the product stream component flow 
rates and the required heat transfer to the reactor. 

The module equations should be written in terms of the following variables: 


N 


The total number of reactive and inert species present in the feed 
and product streams. 

SF(I),I = 1,. 

. .,N+1 

The molar flow rates of the feed stream components (mol/s) and 
the feed stream temperature (K). 

SP(I),I = 1,. 

..,N+1 

The molar flow rates of the product stream components (mol/s) 
and the product stream temperature (K). 

NU(I),I = 1,. , 

. . ,N 

The stoichiometric coefficients of ail species (- for reactants, + 
for products, 0 for inerts). 

X 


The fractional conversion of one of the reactants. 

IX 


The number of the reactant for which the fractional conversion is 
specified. 

CP(I),I = 1, .. 

, . ,N 

The heat capacities of all species, kJ/(mol-K) (assume constant). 
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HF(I), I = 1,.... N The standard heats of formation of all species, kJ/moI. 

Q The heat input to the reactor, kW. (If Q is negative, heat must be 

transferred from the reactor.) 

(a) Write the equations you would use to calculate Q and the first N components of SP from specified 
values of all of the other variables defined above. 

(b) Write a spreadsheet to perform the calculations of part (a) for a reactor in which propane flow¬ 
ing at a rate of 270 standard cubic meters per hour is burned with 20% excess air. The com¬ 
bined stream enters the reactor at 423 K and the stack gas leaves at 1050 K. Ninety percent of 
the propane fed is converted, and no CO is contained in the stack gas. Take the heat capac¬ 
ity of each species to be its value at 700 K as calculated from Table B.2 (so that, for example, 
CP(1) = 0.1431 kJ/(mol-K), where (1) refers to propane]. After you have performed the cal¬ 
culations and recorded the output variable values, use the spreadsheet to generate a plot of Q 
versus stack gas temperature and briefly explain why the plot looks the way it does. 

(c) Use an equation-solving program to perform the calculations outlined in part (b). 

(d) Write a computer subprogram REACTS to implement the procedure of part (a). The subprogram 
arguments should be SF, SP, NU, N, X, IX, and Q. The arrays CP and HF should either be trans¬ 
mitted as additional arguments or via a COMMON or GLOBAL statement. Write and run a calling 
program that defines the input variables, calls the subprogram, and prints out the required out¬ 
put variables for the test case of part (b). Number the species involved in the process as follows: 
1—C 3 H s , 2—0 2 , 3—N 2 , 4—COj, 5—H 2 0. For example, NU(1) = -1, NU(2) = -5, SF(1) = 
3.348, SF(3) = 75.54, SF(6) = 423, andSP(6) = 1050. (Verify these values as part of your prob¬ 
lem solution.) 

10.12. You are to simulate a single-phase adiabatic reactor in which a single gas-phase reaction takes place. 
The reaction has the general form 

viA\ + vjAz + V3A3 + ••• + v m A m = 0 

In this equation A, is the i th reactant or product and v, is the stoichiometric coefficient of this species; 
v ; is negative for reactants and positive for products. It is also convenient to define v ; for each in¬ 
ert species in the feed to the reactor, assigning it a value of 0. The inputs to the program are the 
stoichiometric coefficients, feed stream flow rate, composition, and temperature, and the fractional 
conversion of one of the reactants. The program is to calculate the product stream component flow 
rates and temperature. 

The program equations should be written in terms of the following variables: 


N 


The total number of reactive and inert species present in the 
feed and product streams. 

SF(I),1 = I,. 

. ,N+1 

The molar flow rates of the feed stream components (mol/s) 
and the feed stream temperature (K). 

SP(I),1 = I,. 

. ,N+1 

The molar flow rates of the product stream components 
(mol/s) and the product stream temperature (K). 

NU(I),1 = I,. 

• 1 N 

The stoichiometric coefficients of all species (- for reactants, 
+ for products, 0 for inerts). 

X 


The fractional conversion of one of the reactants. 

IX 


The number of the reactant for which the fractional 
conversion is specified. 

ACP(I),1 = I, 

..,N ' 


BCP(I),1 = I, 

■ ■ ) N 

Coefficients of the heat capacity formula C p [kJ/(mol °C)] = 

CCP(I),1 = I, 

...N 

a + bT + cT 2 + dT 3 . 

0CP(I),1 - I, 

-•-N 


DHF(I),1 = I, 

.., N 

The standard heats of formation of all species in the gaseous 
state, kJ/mol. 


(a) Write the equations you would use to calculate the attributes of SP from specified values of all 
the other listed variables. The last equation you derive should be a fourth-order equation for 
the reactor temperature, 

(A H =) aT* + pT 3 + yT 2 + 8T + e = 0 
where a, j3,y,S, and e involve most of the system variables. 
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(b) Write a spreadsheet to perform the calculations of part (a) for a reactor in which carbon monox¬ 

ide is oxidized with 25% excess air at 1 atm to form carbon dioxide. The combined feed stream 
enters the reactor at 650°C at a rate of 23.0 kmol/h, and a CO conversion of 45% is obtained. Use 
the goalseek tool to solve the fourth-order energy balance equation. After you have performed 
the calculations and recorded the output variable values, use the spreadsheet to generate a plot 
of product gas temperature versus percentage CO conversion and briefly explain why the plot 
looks the way it does. - t 

(c) Use an equation-solving program to perform the calculations outlined in part (b). 

(d) Write a computer subprogram REACTAD to implement the procedure of part (a). The subprogram 
arguments should be SF, SP, NU, N, X, and IX. The arrays ACP, BCP, CCP, DCP, and DHF should 
either be transmitted as additional arguments or via COMMON or GLOBAL. All arguments but the 
attributes of SP should be considered input variables. Use Newton’s rule (Appendix A.2) to 
solve the fourth-order energy balance equation. Write and run a calling program that defines 
the input variables, calls the subprogram, and prints out the required output variables for the test 
case of part (b). Number the species involved in the process as follows: 1—CO, 2—0 2 , 3—N 2 , 
4—C0 2 . For example, NU(1) = -1, NU(2) = -1/2,SF(1) = 1.607, and SF(3) = 3.777.’(Verify 
these values as part of your problem solution.) 

10.13, The following two reactions occur in an ethylene oxide production process: 

2C 2 H 4 + 0 2 -*> 2C 2 H 4 0 
C 2 H 4 + 30 2 — 2C0 2 + 2H 2 0 

A stream containing equimolar amounts of ethylene and oxygen is joined by a recycle stream con¬ 
taining pure ethylene, and the combined stream is fed to the reactor. The single-pass conversion of 
ethylene in the reactor and the single-pass ethylene oxide yield based on ethylene consumption are 
defined as X sp (mol C 2 H 4 react/mol C 2 H 4 fed) and Y sp (mol C 2 H 4 0 formed/mol C 2 H 4 react). The 
reactor effluent goes through a multiple-unit separation process that has three outlet streams. 
The first stream, which is sold, is pure ethylene oxide; the second, which is discarded, contains all 
the carbon dioxide, oxygen, water, and 5% of the unreacted ethylene leaving the reactor; and the 
third stream, which is the recycle stream, contains the remaining unreacted ethylene. 

(a) Taking 100 mol/s fresh feed as a basis of calculation and letting X sp = 0.20 and Y sp = 0.90, con¬ 
struct a spreadsheet to simulate this process, treating the separation process as a single unit. 
Use the recycle stream flow rate as a tear stream variable: that is, assume a recycle flow rate 
entering the recycle-fresh feed mixing point, solve the system balance equations to recalcu¬ 
late the recycle flow rate at the outlet of the separation process and find the assumed value for 
which the assumed and recalculated values are the same. Determine the overall conversion and 
yield, 

Xo (mol QH 4 consumed in process/'mol C 2 H 4 in fresh feed) 

Fo (mol C 2 H 4 0 produced in process/mol C 2 H 4 in fresh feed) 
and the molar flow rate of the recycle stream. 

(b) For the given fresh feed and single-pass conversion of ethylene, use the spreadsheet to find the 
range of single-pass yields that are physically possible. (A value is not possible if it leads to a 
negative species flow rate at any point in the process.) Note the values of Fq and the recycle flow 
rate at the extremes of this range. Then repeat the calculation for a 30% single-pass conversion 
of ethylene. Show your results in a table with the following form: 


-Y sp 

Ysp Yo n rec 

0.2 

( Y m in ) 

0.2 

(Ymas) 

0.3 

<Y min ) 

0.3 

(Yma*) 


Explain why a species flow rate becomes negative when Y falls below a certain value. 
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(c) Summarize the equations that describe the behavior of this system and use an equation-solving 
program to solve them for the variable values of part (a). 

10.14. You are to write the code for a convergence module that can deal with one to three tear stream 
variables using the Wegstein algorithm, as outlined in Appendix A.2. The object is to determine the 
values of one, two, or three of the variables *i, x 2 , and x 3 that satisfy the relations 

*i = fl(Xl,Xz,X 3 ) 

Xz - fz(xi,xz,x 3 ) 

X 3 = Mxi,x 2 ,x 3 ) 

where /), / 2 , and f 3 may be simple algebraic functions, or they may represent the composite set 
of calculations involved in proceeding around a cycle of unit operations to recalculate tear stream 
variables. The calculation consists of assuming values for the tear stream variables [x ia , i — 1, ..., 3]; 
computing [x, c = f(x\ a , x^, x 3a ), i = 1,..., 3]; determining whether x ia and x ic are within a speci¬ 
fied tolerance of each other for each i ; and if they are not, using the Wegstein algorithm to estimate 
the values of xu, x^, and x 3a to be used in the next iteration. 

The module code should be written in terms of the following variables: 


N 

XA(I),1 a 1,...,N 

XC(I),I = 1.N 

KMAX 

EPS 

IPR 


Number of tear stream variables (1,2, or 3). 

Assumed values of x, (initially guessed, subsequently calculated by the 
Wegstein algorithm). 

Recalculated values of x, obtained from the functions f (or by proceeding 
around a cycle). 

Maximum number of iterations to be allowed. 

Relative convergence tolerance (see Equation A.2-9). The difference 
between XA(I) and XC(I) divided by the value of XC(I) must be less 
than EPS for convergence to be declared. 

A printout parameter. The code should be written such that if IPR = 1 the 
values of x, are printed after each iteration, while if IPR = 0 the printing 
is suppressed. 


(a) Write the code for a module subprogram called CONVG that has as its arguments XA, XC, N, KMAX, 
EPS, and IPR. The values of N, KMAX, EPS, IPR, and the elements of XA are input variables, and 
the final estimated values of x, are to be returned in array XC. The code should execute the 
procedure outline in Section A.2g separately for each of the N variables, up to a maximum of 
KMAX iterations. If this limit is reached and convergence has not been attained, an error message 
should be printed and the program terminated. 

In a real flowchart simulator, the code would be written so that the module could be inserted 
as a block in the flowchart (see, for example, the flowchart block diagram on p. xxx), and the tear 
stream variables XC(I) would then be recalculated from assumed values of XA(I) by proceeding 
around the cycle. To simplify the coding in this problem, however, have the subprogram call a 
function-generating subroutine of the form 

CALL FUNCGEN(N,XA,XC) 

You will need to write Subroutine FUNCGEN to evaluate 

XC(1) = fi [XA(1) ,XA(2) ,XA(3)] 
and similarly for XC(2) and XC(3). 

(b) Apply your code to the problem of Example A.2-2. Build in an upper limit of 20 iterations (KMAX 

= 20 ). 

10.15. Use a commercial flowchart simulation program such as HYSYS or ASPEN to simulate the ammonium 
nitrate manufacturing process described in Example 10.3-3. 
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Balances on 
Transient Processes 


A system is said to be in a transient (or unsteady-state) condition if the value of any system 
variable changes with time. Batch and semibatch process systems are always transient: in a 
batch system, if nothing is changing with time then nothing is happening, and in a semibatch 
system (which has an input stream but no output stream or vice versa) at least the mass of 
the system contents must vary with time. Continuous systems are always transient when they 
are started up and shut down, and they become transient at other times due to planned or 
unexpected changes in operating conditions . 1 

The procedures for deriving balances on transient systems are essentially those developed 
in Chapters 4 (material balances) and 7 (energy balances). The main difference is that transient 
balances have nonzero accumulation terms that are derivatives, so that instead of algebraic 
equations the balances are differential equations. 


11.0 INSTRUCTIONAL OBJECTIVES 

After completing this chapter, you should be able to do the following: 

• Derive material balance equations and provide initial conditions for well-mixed transient 
single-unit processes, and derive energy balance equations and provide initial conditions for 
well-mixed transient single-unit nonreactive processes. 

• Predict transient system behavior by inspecting balance equations. For example, given an 
equation that has the form [dC A /dt = 4 - 2C A , C A (0) = 0], sketch the expected plot of C A 
versus i without integrating the equation. 

• Obtain analytical solutions to problems that involve single separable first-order differential 
balance equations. 

• Derive balance equations for systems that involve several dependent variables [e.g., >>i = 
CaW. y 2 = C B (t), yi = 7(f)] and express the equations in a form suitable for solution using 
equation-solving software [dyi/dt = f(y u y 2 ,.. -, y„,t), i = 1,2,...,«]. 


'In reality, the concept of a true steady state is fiction, since there are always process variable fluctuations in real 
systems. When you assume steady-state operation, you are assuming that these fluctuations are small enough to 
be neglected without causing serious errors in calculated values. 


543 
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11.1 THE GENERAL BALANCE EQUATION... AGAIN 

In Section 4.2, the general balance equation (4.2*1) was given as 

accumulation = input -f generation - output - consumption 

Two forms of this equation were discussed: differential balances, which relate instantaneous 
rates of change at a moment in time, and integral balances, which relate changes that occur 
over a finite time period. We examine in this section the nature of the relationship between 
these two types of balances; in doing so, we belatedly show why they are called differential and 
integral. 


11.1a Differential Balances 


Suppose a species A is involved in a process. Let mj^kg/s) and m ou t(kg/s) be the rates at which 
A enters and leaves the process by crossing the boundaries, and let r gen (kg/s) and r cons (kg/s) 
be the rates of generation and consumption of A within the system by chemical reaction. Any 
or all of the variables rh m , rh oui , r gen , and r cons may vary with time. 

Let us now write a balance on A for a period of time from t to t + Af, supposing that Ar is 
small enough for the quantities th m , m ou t, r gen , and r cons to be considered constant. (Since we 
will eventually let A t approach 0, this assumption is not restrictive.) The terms of a balance on 
A are easily calculated. 

input(kg) = m; n (kg/s) At(s) 
output = m ou t A? 
generation = r gen At 
consumption = r CO n S Ar 


We also suppose that the mass of A in the system changes by an amount AM(kg) during this 
small time interval. By definition, A M is the accumulation of A in the system. From the balance 
equation, (4.2-1), 

AM = (th[ B + r gen ~ hi out — rcons) At (11.1*1) 

If now we divide by At and then let Ar approach 0, the ratio AM/At becomes the derivative of 
M with respect to t ( dM/dt ), and the balance equation becomes 


dM _ . . _ . 

~T~ ~ m in "+■ fg en Wt ou t T cons 


( 11 . 1 - 2 ) 


This is the general differential balance equation: M is the amount of the balanced quantity in 
the system, and the four terms on the right side are rates that may vary with time. 

If Equation 11.1-2 is applied to a continuous system at steady state, the quantity M must 
be a constant, its time derivative therefore equals zero, and the equation reduces to the familiar 
equation introduced in Chapter 4: 

input + generation = output + consumption 

However, as long as any term varies with time, the derivative on the left side of Equation 11.1-2 
remains part of the equation. We thus conclude that the balance equation for an unsteady-state 
system at an instant of time is a differential equation (hence the term differential balance). 

Equation 11.1-2 is an ordinary first-order differential equation. Before it can be solved to 
yield an expression for M(t), a boundary condition must be provided—a specified value of the 
dependent variable (M) at some value of the independent variable (f). Frequently, the value of 
M at time t = 0 (an “initial condition”) is specified. The complete balance equation would be 





Equation 11.1-2 followed by 
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t = 0, M = ... 

or simply M(0) = ... 

When you analyze a transient system, your analysis is not complete unless every differen¬ 
tial equation you derive is accompanied by a boundary condition similar to one of those just 
given. J 


EXAMPLE 11.1-1} Differential Balances on a Chemical Reactor 


• 

Equipment 

Encyclopedia 

reactors-CSTR 


A continuous stirred-tank reactor is used to produce a compound R in the liquid-phase reaction 
A -* R. Feed enters the reactor at a rate of i>o(L/s): the concentration of the reactant in the feed 
is C A o(mol A/L). The volume of the tank contents is V (L). The vessel may be considered perfectly 
mixed, so that the concentration of A in the product stream equals that in the tank. For this process 
the rate of consumption of A equals fcC A [mol/(s-L of reaction volume)]. All fluids (the feed, the 
tank contents, and the product) may be taken to have the same density, p(g/L). 

Write differential balances on total mass and on moles of A, expressing the balances in terms of 
the variables shown on the following diagram: 


L/s) 

p(g/L) 

C AO !mol A/L) 




~~r 

o 

V 

CL 

o 

L) 

P 


i-(Us) 

P< g/L) 
C A !mol A/L) 


SOLUTION Basis: Given Quantities 

Total Mass Balance (generation = 0, consumption = 0) 
accumulation = input - output 
Mass in reactor: M (g) = F(L)p(g/L) 

I 

accumulation (g/s) = — = - — — ~ P~j~ (since p is constant) 
input (g/s) = i*>(L/s)p(g/L) 
output (g/s) = w( L/s)p(g/L) 

I 

dV 

p~ » mp - bp 

Jj cancel p 
I dv/dt = V 0 -V 

j t = 0, F 0 j 

where V 0 is the initial volume of the tank contents. 


Question: If i> 0 = v, what does the mass balance tell vou? 
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Balance on A 


accumulation = input - output - consumption 
Moles of A in the reactor = V(L)C A (mol/L) 

l 

accumulation (mol A/s) = 

at 

input (mol A/s) — io(L/s)C A o(mol A/L) 
output (mol A/s) = v (L/s)C A (mol A/L) 
consumption (mol A/s) = fcC A [mol A/($ ■ L)]y(L) 

I 


d(VC A ) . „ ._ , _ .. 

—-- = VoC A q - vC A - kC A V 

at 

t = 0, C A = C A (0) 


where C A (0) is the concentration of A in the initial tank contents. How you would proceed to solve 
this equation for the output concentration C A (r) depends on how the quantities i>o, v, and C M vary 
with time. 


11.1b Integral Balances 

Let us reconsider the form of the differential balance given in Equation 11.1-3. 


dM _ , 

— tflin + r gen w out r cons 


The equation may be rewritten as 


(11.1-3) 


dM = m ta dt + r gen dt - m oxlt dt - r cons dt 


and integrated from an initial time to to a later time q, to obtain 

fti rtf [if fit f i 

dM = M(t t ) - M(to) = \ m m dt + I r gen dt - \ m Qtil dt - I r^dt (11.1*4) 

Jlo ho Jffl '*0 

This is the integral balance equation. The left side is the accumulation of the balanced 
quantity in the system between t 0 and q. The term (/h in dt) is the amount of the balanced quan¬ 
tity that enters the system in the infinitesimal interval from t to t + dt , so that the integral 


m in dt 


is the total amount that enters between to and q. Similar reasoning can be applied to the other 
terms, leading to the conclusion that Equation 11.1-4 is simply another statement of the general 
balance equation 

accumulation = input + generation - output - consumption (11.1*5) 

only now each term represents an amount of the balanced quantity rather than a rate. For a 
closed (batch) system, if the balanced quantity is mass (as opposed to energy), rit m = m out = 0, 
and the equation may be written 

f‘t . _ f l( . 

Afinitial + ^generation dt — Affinal + ^consumption dt 
Jto } t g 
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EXAMPLE 11.1-2 


SOLUTION 


or 


initial input + generation = final output + consumption 
This is the form of the integral balance equation given in Chapter 4 for a closed system. 

The procedure to follow when writing a balance on a transient system is to derive the differ¬ 
ential balance equation, integrate it between initial and final times, and solve for the unknown 
quantity in the resulting equation. 


Water Balance on a City Reservoir 

The water level in a municipal reservoir has been decreasing steadily during a dry spell, and there 
is concern that the drought could continue for another 60 days. The local water company estimates 
that the consumption rate in the city is approximately 10 7 L/dav. The State Conservation Service 
estimates that rainfall and stream drainage into the reservoir coupled with evaporation from the 
reservoir should yield a net water input rate of 10 6 exp(-/ 100) L/day. where t is the time indavsfrom 
the beginning of the drought, at which time the reservoir contained an estimated 10 9 liters of water. 

1. Write a differential balance on the water in the reservoir. 

2. Integrate the balance to calculate the reservoir volume at the end of the 60 days of continued 
drought. 


1. We will write a balance on the mass M(kg) of water in the reservoir, but will express the 
equation in terms of volumes to make use of the given data, using the relationship Af(kg) = 
pCkg/LjV^L). The differential balance equation is as follows: 

dM 

~ - m,„ + r gen - m out - r cons (each term in kg/dav) 

= = p(kg/L)—(L/day) (since p is constant) 

thin = P( kg/L)[10V' loo (L/day)] 
thou - p( kg/L)(10 7 L/day) 

f g en = = 0 (water is not produced or consumed in the reservoir) 

, ,Cancel p 


dV(t) 

dt 

= 10 6 exp(-f/l00) - 10 7 


= 0, V = 10 9 L 


2. We 

t = 


now separate variables and integrate the differential balance equation from / = 0 to 
60 days. 

rV(60) j-60d 

dV=\ [I0 6 exp(-r/100)- 10 7 ]df 
Jv( 0 ) Jo 


/- 60 d 

F(60 days) - V(0) = 10 6 e " 10n dt - 10 7 dt 

J0 Jo 

Jjv(0) = 10'' liters 

-|60 d -i60 d 

V"(60 days) = IQ 9 - Kf’flO^e"' 100 1 - 10 7 r 

Jo Jo 

— 4.45 X W H L ! ( verify) 
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TEST 

YOURSELF 
(Answers, p. 662) 


A liquid. A, is poured at a rate of 10 kg/h into a tank containing a second liquid, B. The two 
substances react and A is consumed, but at a lower rate than that at which it is added. Liquid 
is withdrawn from the reaction vessel at a rate of 10 kg/h. 

1. Which terms of the general balance equation 

accumulation = input + generation - output - consumption 
do not equal zero in each of the following balances on the reaction vessel? 

(a) Total mass. (b) Moles of A. (c) Moles of B. 

2. Write a differential mass balance on the system, letting m{t) be the total mass of the system 

contents. 


11.2 MATERIAL BALANCES 
11.2a Total Mass Balances 

A total mass balance necessarily has the form [accumulation = input - output], since mass 
can neither be generated nor consumed. 1 2 The accumulation term is always dM/ dt , where M(r) 
is the mass of the system contents. Once you have determined M(t) by solving the differential 
balance equation, you may have to verify that the mathematical solution remains within the 
bounds of physical reality—that it does not become negative, for example, or that it does not 
exceed the total capacity of the system. 


EXAMPLE 11.2-1 Mass Balance on a Water Storage Tank 


A 12.5-m 3 tank is being filled with water at a rate of 0.050 m 3 /s. At a moment when the tank contains 
1.20 m 3 of water, a bottom leak develops and gets progressively worse with time. The rate of leakage 
can be approximated as 0.0025f (m 3 /s), where r(s) is the time from the moment the leak begins. 


Water 
0.50 m 3 /s 


Vtm 3 ) 


12.5 m 3 

t = 0,V- 1.2 m 3 


Water 


(0.0025(1 m 3 /s 


SOLUTION 


1. Write a mass balance on the tank and use it to obtain an expression for dV/dt, where V is 
the volume of water in the tank at any time. Provide an initial condition for the differential 

equation. _ 

2. Solve the balance equation to obtain an expression for V(f) and draw a plot of V versus t. 


1. The total mass of the tank contents is A/(kg) 
density of liquid water. Then 

accumulation (kg/s) 


p(kg/m 3 )V(m 3 ), where p = 1000 kg/m J is the 


d(pV) = dV 
dt P dt 


(The second step follows from the fact that the density of the liquid water in the tank is inde¬ 
pendent of time and so may be taken out of the derivative.) 

input (kg/s) = p(kg/m 3 )(G.05 m 3 /s) = 0.05p 
output (kg/s) = p(kg/m 3 )[0.0025/ (m 3 /s)] = 0.0025pt 


2 We are excluding nuclear reactions from consideration. 
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Substituting these terms into the water balance equation (accumulation = input 
canceling p yields the differential equation 


output) and 


dV 

—- = 0.050 m 3 /s - 0.0025/ 
dt 

? = 0, V = 1.2 m 3 | 
-__j 


Verify that each term in the equation (including dVidi) has units of m 3 /s. 

2. To solve the equation, we separate vanables (bring dt to the nght-hand side) and integrate 
from the initial condition (t - 0, V = 1.2 m 3 ) to an arbitrary time. t. and correspondingvol- 
ume, V, 


dV(m 3 ) - (0.050 0.0025?) dr => f dV = f (0.050 - Q.0025?) dr 

J 1.2 Jo 

=> v h.2 m 3 = |o.050r - 0.0025^| 
==> VTm 3 ) = 1.2 + 0.050? - 0.00125r 


Check 1: When t = 0, V = 1.2 m 3 (confirming the given initial condition). 

Check 2: dV/dt = 0.050 - 0.0025? [differentiating V(t) yields the original equation for JV dt]. 

A plot of the derived expression for V(?) is as follows: 



H 

80 


Initially, the filling causes the volume of the tank contents to increase, but as the leak gets 
larger the tank begins to drain. The maximum volume is 1.7 m 3 . well below the tank capacitr 
of 12.5 m . At about t = 57 s the contents drain completely. The mathematical formula for 
V predicts negative volumes after this time, but physically the volume must remain at zero 
(the liquid discharges as fast as it is poured in). The actual solution of the balance equation is 
therefore 


j V'(m 3 ) = 1.2 + 0.050? - 0.00I25? 2 0 < ? s 57 s 


The plot shown above should be changed in the range ? > 57 s to a line coincident with the 
? axis. 
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11.2b A Brief Look Back at Calculus 

As you will see. balances on transient systems often lead to differential equations that look like 
this: 

d ( VC t) = 1.50 mol/s - (s -1 )0.200VC A (11.2-1) 

at 

C A ( 0) = 2.00 mol/L 

In this equation, 1.50 mol/s would be the sum of the input and generation terms in the bal¬ 
ance on species A and 0.200Ca would be the sum of the output and consumption terms. The 
goal would be to solve the differential balance to determine the concentration C A (mol/L) as a 
function of time t(s), either as an analytical function or in the form of a table or plot. 

This section reviews some calculus rules and procedures for solving differential equations 
like Equation 11.2-1. In what follows, x is an independent variable, y(x) is a dependent variable, 
and a is a constant. 


Rule 1: Derivative of a constant times a function 

d{ay) dy 
~dx a Tx 

If the system volume in Equation 11.2-1 is constant, the equation would become 
V = 1.50 mol/s - 0.200 PCa 

dt 

We will shortly review how to solve this equation. 


( 11 . 2 - 2 ) 


Rule 2: Product rule for differentiation 


d{y \yf) 
dx 


dy% 

= yi — + y 2 


dy i 
dx 


(11.2-3) 


If the system volume in Equation 11.2-1 changes with time (e.g., because the tank is being filled 
or discharged, or the reactor is a cylinder with a moving piston), the product rule yields 


d(VC A ) 

dt 


dt 


+ c A 


dV 

dt 


1.50 mol/s - 0.200 C a 


or ^ mol/s - 0.200C A ] - £ (f) 

If V is constant, this equation reduces to the one given following Rule 1 (convince yourself). 
To solve for C A (t), you would have to obtain an independent expression for dV/dt and solve 
both equations simultaneously. We will discuss problems of this type in Section 11.5. 


Rule 3: Solution of separable first-order differential equations 


The general form of a first-order differential equation is 


dy_ 

dx 


= f(x,y) 


Consider a specific example: 


dy , 
Tx = 


Novice calculus students are often tempted to solve this equation by doing something like 

y = f (3 xy)dx 
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which is correct but useless, since you cannot evaluate that integral without first substituting 
for >’(*), the function you are trying to determine. 

A separable first-order differential equation is one that can be written in the form 

^ = Mx)fi(y) 

dx 

x = 0, y = y(0) 


The procedure for solving a separable equation is to bring all terms involving y (including dy) 
to one side of the equation and all terms involving x (including dx) to the other side, and then 
to integrate each side over its respective variable from the initial value [0 for x , y(0) for y ] to 
an arbitrary value: 


= fi(x)My) 

dx 


separate 


dy 

h(y) 


fl{x)dx 


integrate 


y dy 

. y(o) h(y) 


* fi(x)dx 
Jo 


(112-4) 


x = 0, y = y(0) 

Each integral involves a function of only the variable of integration (y on the left, x on the 
right), and so both integrals can be evaluated to obtain an expression relating x and y. 
Reconsider Equation 11.2-1 once more, letting the system volume V equal 1.00 liter. 

| ^ = 1.50 mol/s - (0.200 L/s)C A ] 

t = 0, C A = 2.00 mol/L j 

separate dCA _ integrate rC A rfC A _ f' rff 

1.50 - 0.200Ca “ 1 Jzoo 1-50 - 0.200C A Jo 
=» -oioo ta(L50 - a200CA t 


1.50 - 0.200C a = -0.200, 
1.10 


f= ,i n p- ^ = -o,o 0 t 
1 1.50 - 0.400 ) 


C A (mol/L) = ^(1.50-1.10e- a200( ^) 


Try to follow each step of this procedure. It will be used to solve almost every balance equation 
in the remainder of this chapter, 


Separate variables for each of the following equations to obtain integrals of the form of Equa- 
YOURSELF tion 11.2-4. Then proceed as far as you can to obtain expressions for y(f). 

(Answers, p. 662) L (dy / dt) = 2 _ ft y(0 ) = i. 

2. ( dy/dt ) = 2- y, y(0) - 1. 

3. (dy/dt) = (2 - r)(2 ~ y), v(0) = L 


11,2c Balances on Single Well-Mixed Process Units 

Here is the general procedure for writing and solving a transient material balance equation: 

X. Eliminate terms in the general balance equation that equal zero (input and output for batch 
systems, generation and consumption for balances on total mass and nonreactive species). 

2. Write an expression for the total amount of the balanced species in the system 
[V(m 3 )p(kg/m 3 ) for total mass, V(m 3 )C A (mol A/m 3 ) or « tola i(mol)x A (niol A/mol) for 
species A]. Differentiate the expression with respect to time to obtain the accumulation 
term in the balance equation. 

3. Substitute system variables into the remaining terms (input, generation, output, consump¬ 
tion) in the balance equation. Make sure that all terms have the same units (kg/s, Ib-mole/h, 
etc.). 
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4. If y{t) is the dependent variable to be determined (e.g., the mass of the system contents, 
the concentration of species A, the mole fraction of methane), rewrite the equation to 
obtain an explicit expression for dyjdt. Supply a boundary condition —the value of the 
dependent variable at a specified time (usually t = 0). This condition may be expressed 
as [f = 0, y = >’ 0 ] or simply [y(0) — yo]> where y 0 is a number. 

5. Solve the equation — analytically if possible, otherwise numerically. In the processes to be 
analyzed in this chapter, you will generally be able to use separation of variables to obtain 
the solution analytically. 

6. Check the solution. You can do so using any (and preferably all) of these methods: 

(a) Substitute t = 0 and verify that the known initial condition [y(0) = yo] is obtained. 

(b) Find the long-time asymptotic (steady-state) value of the dependent variable by set¬ 
ting dyj dt equal to 0 in the original balance equation and solving the resulting alge¬ 
braic equation for y ss , and then verify that if you let t -» <» in your solution, y -* y ss . 
(The equation may not have a steady-state solution, in which case this method will 
not work.) 

(c) Differentiate your solution to obtain an expression for dy/dt, substitute for y and 
dy/dt in the original differential equation, and verify that the equation is satisfied. 

7. Use your solution to generate a plot or table ofy versus t. 

The next example illustrates this procedure. 


EXAMPLE 11.2-2 Transient Behavior of a Stirred-Tank Reactor 


9 

Equipment 

Encyclopedia 

reactor-CSTR 


A liquid-phase reaction with stoichiometry A -* B takes place in a continuous well-mixed 10.0-liter 
stirred-tank reactor. A schematic diagram of the process is shown below. 


1.150 L/s 


10.0 mol A/L "l 

llsrter 


1.150 L/s 


C A {moI A/U 


A —► B, rate = 0.0050C A [mol A react/(L*s)] 


SOLUTION 


The reactor may be considered perfectly mixed, so that the contents are uniform and the concentra¬ 
tion of A in the product stream equals that inside the tank. The tank is initially filled with a solution 
that contains 2.00 mol A/L, and the inlet and outlet flows then begin. 

L Write a balance on species A in the tank and provide an initial condition. 

2. Calculate C AS , the steady-state concentration ofA in the tank (the value approached as r — °°). 

3. Sketch the shape expected for a plot of C A versus t. 

4. Solve the balance equation for C A (r), check the solution, and draw the actual plot of C A versus t. 


Compare what follows with the general procedure given prior to this example. 

1. The total moles of A in the reactor at any time equals (10.0 L)(C A (mol/L)] = 10.0C A (mol A). 
Therefore, 


Accumulation: 

Input- 

Output: 

Generation- 

Consumption: 


<f(10.0C A ) = ^ Q dC A / mol A \ 
dt dt \ s J 

(0.150 L/s)(10.0 mol A/L) = 1.50 mol A/s 
(0.150 L/s)[C A (mol A/L)] = 0.150C A (mol A/s) 

0 mol A/s (A is not a reaction product) 

(10.0 L)[0.0050C A (mol A/(Ls))] = 0.050C A (mol A/s) 
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These terms are substituted into the balance equation on A (accumulation = input - out¬ 
put - consumption), which is then divided through by 10.0 to obtain an expression for 
dC A /dt. The result along with the initial condition for the equation [C A (0) = 2.00 mol A/L] 


dC K I 

= 0.150 mol A^s - (0.0200 L/s)C A | 

/ = 0, C A — 2.00 mol A/L 


2. At steady state nothing varies with time, so that the derivative of C A (and of every other system 
variable) with respect to time must equal zero. Setting dCjdt = 0 in the balance equation and 
letting C A = C AS (steady state) in the resulting equation yields 


0 = 0.150 mol/s - 0.0200C AS 


Cas = 7.50 mol A/L j 


If Cas had not had an asymptotic (steady-state) limit, the equation would not have had a finite 
solution. 

3. We can now deduce quite a lot about the plot of C A versus t, even though we have not yet 
solved the differential balance equation. We know a point at / = 0 (the initial condition) and 
the asymptotic value as t —* « (the steady-state solution), and we also have an expression 
for the slope of the plot at any time (dC A /dt) as a function of the concentration (slope = 
0.150 - 0.0200C a ). Let us summarize what we can deduce. 

• The plot originates at (t = 0, C A = 2.00 moi/L). 

• At/ = 0, the slope of the plot is [0.150 - 0.0200](2.00 mol/s) = 0.110 mol/s. Since it is positive, 
C A must increase as t increases. 

• As t continues to increase and C A also increases, the slope of the curve (0.150 - 0.0200C A ) 
gets progressively less positive. The curve must therefore be concave down. 



• At long times, the plot asymptotes to C A = 7.50 mol/L. 
Combining all these observations leads to the following sketch: 



4. We may now solve the differential balance to determine the values of C A at specific values of 
r or vice versa. Reconsider the equation 

= 0.150 - 0.0200C A 


r = 0. C A = 2.00 
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Separating variables and integrating as in Equation 11.2-4 yields 


dC A 


0.150 - 0.0200C a 
1 


= dt ■ 




dC A 


ZOO 0.150 - 0.0200C a Jo 


= dt = r 


0.0200 
0.150 - 0.0200C a 
0.110 


ln(0.150 - 0.0200C a ) 


1 C A 


, 0.150 - 0.0200C a _ 

" 0.150 - 0.0200(2.00) ‘ 0200f 


C A (mol/L) = 7.50 - 5.50<T 


(Verify each step.) 

Whenever you obtain the solution of a differential equation, you should check it as many ways 
as you can. In this case, we have three ways: 

Check 1: Substitute t = 0 into the solution ==> C A (0) = 2.00 mol/L (the correct initial 
value). 

Check 2: Substitute t -* « into the solution to obtain Ca(°°) = 7.50 mol/L (the previously 
determined steady-state value). 

Check 3: Differentiate the equation to obtain an expression for dC A /dt, and then substitute 
for both dCjdt and C A (t) in the original equation [dC A /dt = 1.50 - 0.200C A ] to show that 
the solution satisfies the equation. 


Verify that the derived solution satisfies each of these conditions. 

A plot of the solution matches the form of the plot previously sketched. 



11.3 ENERGY BALANCES ON SINGLE-PHASE 
NONREACTIVE PROCESSES 

The general energy balance has the form 

accumulation = input - output (11.3-1) 

since energy can neither be generated nor consumed. 

Suppose £ sys (0 is the total energy (internal + kinetic + potential) of a system, and m xa 
and rhoai are the mass flow rates of the system input and output streams. (If the system is 
closed, these quantities each equal zero.) Proceeding as in the development of the transient 
mass balance equation, we apply the general energy balance equation (11.3-1) to the system in a 
small time interval from t to t + At, during which time the properties of the input and output 
streams remain approximately constant. The terms of the equation are as follows (see Sec¬ 
tion 7.4): 

accumulation = A£ S ys = Af/ sys + A £k,sys + A£ PjSys 
input = thin |//in + -=r + gzin j At + Q At 

output = m ou t jkut + + Spoilt j Ar + Ws A t 
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where the quantities in parentheses are the specific enthalpies, kinetic energies, and potential 
energies of the input and output streams, and Q and W % are the rates of transfer of heat and 
shaft work. (See Section 7.4c.) Any or all of the variables m, H,u,z , Q , and W s may vary with 
time. 1 

If we now substitute the given expressions for accumulation, input, and output into Equa¬ 
tion 11.3-1, divide by At, and let At approach zero, we obtain the general differential energy 
balance: 


dUsys + dEk' Sy$ cfEp. S y S 

dt dt dt 


“ ^in 



^out ( #out ^ ^ * 9 2out j 4- Q — W s 


If there are several input and output streams, a term of the form 


m 



u~ 

~ 



(11.3-2) 


must be included in Equation 11.3-2 for each stream. 

It is quite difficult to solve Equation 11.3-2 unless a number of simplifications are made. 
We will restrict our consideration to systems that satisfy the following conditions: 

1. The system has at most a single input stream and a single output stream, each with the 
same mass flow rate. 


Win = W 0ut = m (11,3-3) 

A consequence of this assumption is that the mass of the system contents does not change 
with time. 

2. Kinetic and potential energy changes in the system and between the inlet and outlet 
streams are negligible. 


dE k-sys __ rf£ psys . 
dt dt 

(11.3-4) 


(11.3-5) 

di(gz i n - gzo m) - 0 

(11.3-6) 

Under these conditions, Equation 11.3-2 simplifies to 


dU sys . . 

= m(H m - H om ) + Q-W s 

(11.3-7) 


If the equation is applied to a closed system, m = 0, and the rate of transfer of energy as 
shaft work, W s , must be replaced by the total rate of energy transfer as work, W. 

Equation 11.3-7 is simple in appearance, but its solution is still generally difficult to 
obtain. If, for example, the composition or temperature of the system contents varies with 
position in the system, it is difficult to express the total internal energy U sys in terms of 
measurable quantities, and a similar problem occurs if phase changes or chemical reac¬ 
tions take place in the course of the process. To illustrate the solution of energy balance 
problems without becoming too involved in the thermodynamic complexities, we will im¬ 
pose the additional restrictions that follow. 

3. The temperature and composition of the system contents do not vary with position within 
the system (i.e., the system is perfectly mixed). In consequence, the outlet stream and the 
system contents must be at the same temperature, or 

Tout = T,ys = T 


(11.3-8) 
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4 . No phase changes or chemical reactions take place within the system; 0 and H are inde¬ 
pendent of pressure; and the mean heat capacities C v and C p of the system contents (and 
of the inlet and outlet streams) are independent of composition and temperature, and 
hence unchanging with time. Then if T r is a reference temperature at which H is defined 
to be zero and M is the mass (or number of moles) of the system contents, 

U sys = MU sys = M[U(T X ) + C V (T~ T r )] 

Jl M. U(T,), and C v are constant 


dU % y S 
dt 


MC V 


dT 

It 


/?in — Cp(T\ n T r ) 
i?out = Cp(Tout ~ Tj) 


( 11 . 3 - 9 ) 

( 11 . 3 - 10 ) 


Equation 11.3-8 

Horn = Cp(T - Tr) ( 113 - 11 ) 

Finally, we may substitute the expressions of Equations 11.3-3 through 11.3-11 into the general 
energy balance (Equation 11.3-2) to obtain for an open system 


Open System: 


dT . . 

MC V — = mC p (T in - T) + Q - W t J 


(Verify this result for yourself) For a closed system, the equation is 


Closed System: 


ai * . i 

MC V — ^ Q-W \ 


( 11 . 3 - 12 ) 


( 113 - 13 ) 


To summarize, the conditions under which Equations 11.3-12 and 113-13 are valid are; 
(a) negligible kinetic and potential energy changes, (b) no accumulation of mass in the system, 
(c) pressure independence of 0 and H, (d) no phase changes or chemical reactions, and (e) a 
spatially uniform system temperature. Any or all of the variables T, T- m , Q and W % (or W) may 
vary with time, but the system mass, M , the mass throughput rate, m, and the heat capacities, 
C v and C p , must be constants. 

The following example illustrates the derivation and solution of an energy balance on a 
closed system that satisfies these restrictions. 


EXAMPLE 113 1^ Startup of a Batch Reactor 


• 

Equipment 

Encyclopedia 

reactor-batch 


A well-stirred batch reactor wrapped in an electrical heating mantle is charged with a liquid reaction 
mixture. The reactants must be heated from an initial temperature of 25°C to 250°C before the re¬ 
action can take place at a measurable rate. Use the data given below to determine the time required 
for this heating to take place. 

Reactants: Mass = 1.50 kg 

C„ = 0.900 cal/(g-°C) 


Reactor: Mass = 3.00 kg 

C v = 0.120 cal/(g- 0 C) 
Heating rate: Q - 500.0 W 


Negligible reaction and no phase changes during heating. 
Negligible energy added to the system by the stirrer. 







SOLUTION 
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We first note that the conditions of validity of the simplified closed system energy balance equa¬ 
tion, Equation 11.3-13, are all satisfied (verify)-, moreover, since the system has constant volume 
and the energy input due to the stirrer is presumed negligible, W = 0. The equation therefore 
becomes 


.cr-f-a 

t = 0, r sys = 25°C 

The task is now to integrate this equation from the initial state of the system (t = 0, T = 25 a C) 
to the final state (t - t u T = 250°C), and to solve the integrated equation for the heating time t f . 
Rearranging the equation, 

MC v dT = Qdt 


I 


Integrate 


MC v dT = Qdt 




yQ, M, and C„ are constant 
MC V ( 250°C - 25°C) = Qt t 


U = 


225A/C 


The heat capacity of the system is obtained from Equation 8.3-13 as 


The final result is 


C v = 


M, 


reactants / ~ , ‘•''reactor , „ , 

l>tr/reactani5 ' t ' - rz —\ 

M 


J 1 


MC V = (1500 g) jo.900 J + (3000 g) fo.120 ^ 

= (1710 cal/°C)(4.184 J/cal) 

= 7150 J/°C 


= 


22 5MC V 

Q 


MC V = 7150 jrc 
Q = 500 W = 500 J/s 

* - zijgrq 

500(J/s) 1 ^ 


= 3220 s : 


53.71 


Question: Which restriction on the energy balance (Equation 11.3-13) would probably be violated 
if the reactants were not stirred? 


The final example illustrates a transient energy balance on a continuous system. 




mm, 


Transient Behavior of an Air-Cooling System 


An air-cooled engine generates heat at a constant rate Q mn = 8530 Btu/min. 
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f2|(Btu/min) 


Inlet air 

( 

£?gen(Btu/min) 

Outlet air 

6 lb-mole/min 

V 

J 

6 lb-mole/min 

r 0 = 65°F 



n° f) 


0.2 lb-mole air 



r(°F) 



The air in the engine housing is circulated rapidly enough for its temperature to be considered 
uniform and equal to the temperature of the outlet air. Air passes through the engine housing 
at a rate of 6.00 lb-mole/min, entering at a temperature of 65°F, and an average of 0.200 lb-mole 
of air is contained within the engine housing. (We will neglect the variation of this quantity with the 
changing temperature of the gas.) Heat is lost from the housing to its surroundings at 
a rate 


Qi ost (Btu/min) = [33.0 Btu/(°F-min)](T - 65°F) 

Suppose the engine is started with the inside air temperature equal to 65°F. 

1. Calculate the steady-state air temperature if the engine runs continuously for an indefinite 
period of time, assuming 


SOLUTION 


C v - 5.00 Btu/(lb-mole-°F) 

2. Derive a differential equation for the variation of the outlet temperature with the time from 
startup and solve it. 


System = the air within the engine housing. 


1. The steady-state energy balance equation may be obtained by setting dljdt equal to zero in 
Equation 11.3-12. 

0 = mC p (T m ~ T) + Q — W s 
T,„ = 65°F (given) 

T = T S (°F) (steady-state outlet temperature) 

M's = 0 (no moving parts) 

= Q m - 

mC p (T s - 65.0°F) = 8530 Btu/min - 33.0(T SS - 65.0°F) 

Assuming ideal gas behavior 


C p = C v + R = (5.00 + 1.99)Btu/(lb-mole-°F) (Equation 8.3-12) 


mC p 


6.00 lb-mole 

6.99 Btu 

min 

lb-mole-°F 


41.9 


Btu 

min-°F 


The energy balance equation then becomes 


41.9(T S - 65.0°F) = 8530 Btu/min - 33.0(1, - 65.0°F) 

4 


r, = 179°F 






A check on the solution may be obtained by substituting t = 0 and verifying that T equals the 
specified initial value, 65°F. 

If you evaluate T from this equation for a number of values of f(s), a plot would appear as 
follows: 


179 

h 65 


0 1 2 3 4 5 

/(s) 

The plot starts from the initial condition of 65°F and asymptotically approaches the steady- 
state value of 179°F. It takes 3.8 seconds for the temperature to reach 178°F, one degree short 
of its final value. 
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TEST 1. Under what conditions is the simplified form of the energy balance (Equation 11.3-12) 

YOURSELF valid? 

(Answers, p. 662) 2. Suppose the heat capacity C v is a function of T, which varies with time. Where would the 

derivation of Equation 11.3-12 break down? 


11.4 SIMULTANEOUS TRANSIENT BALANCES 


Throughout this book, we have seen that when more than one species is involved in a pro¬ 
cess or when energy balances are required, several balance equations must be derived and 
solved simultaneously. For steady-state systems the equations are algebraic, but when the sys¬ 
tems are transient, simultaneous differential equations must be solved. For the simplest sys¬ 
tems, analytical solutions may be obtained by hand, but more commonly numerical solutions 
are required. Software packages that solve general systems of ordinary differential equations— 
such as Mathematica®, Maple®, Matlab®, TK-Solver®, Polymath®, and EZ-Solve®—are readily 
obtained for most computers. Other software packages have been designed specifically to simu¬ 
late transient chemical processes. Some of these dynamic process simulators run in conjunction 
with the steady-state flowsheet simulators mentioned in Chapter 10 (e.g„ SPEEDUP®, which 
runs with Aspen Plus, and a dynamic component of HYSYS®) and so have access to physical 
property databases and thermodynamic correlations. 

Suppose yx(r), yi{t ),..., y„(r) are dependent variables in a process system (such as species 
flow rates or concentrations or mole fractions or temperature), and that at time t = t 0 (usually 
but not always 0) these variables have the values yy,y 2 i, ..., y n i■ The goal is to derive a set of 
n differential equations that have the following form: 

^ = /l(yi,y 2 ,...,>W) (11.4-1) 

yi(?o) = yi« 

= fziyuyz,..., y„, t) (11.4-2) 


y2(to) = m 


-jf = My\,y 2 , -■■,y n ,t) (11.4-n) 

y«(to) ~ yni 

The functions on the right-hand sides of these equations are derived from the input, output, 
generation, and consumption terms in the balance equations. The solutions of the equations 
may be expressed as a table of y\, y 2 , ..., y„ for increasing values of t or as plots of y\ versus t, 
yj versus t, ..., y n versus t. The next example provides an illustration. 


EXAMPLE 1104-1 Transient Balances on a Semibatch Reactor 


« 

Equipment 

Encyclopedia 

reactor: semi-batch 


An aqueous solution containing 0.015 mol/L of species A is fed into a holding tank that initially 
contains 75 liters of pure water. The reactant decomposes at a rate 

r[mol A?(L-s)] = 0.0375 C a 

where C A (mol A/L) is the concentration of A in the tank. The volumetric feed rate of the solu¬ 
tion, v(t), increases linearly over a 10-second period from 0 to 25 L/s and stays constant at that rate 
thereafter until the tank is filled to the desired level. The density of the feed stream is constant. 


1. Write transient balances for the total mass of the tank contents and the mass of A in the tank. 
Convert the equations to differential equations for V(t) (the volume of the tank contents) and 
C A (r) (the concentration of A in the tank) that have the form of Equations 11.4-1 and 11.4-2, 
and provide initial conditions. 
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SOLUTION 


2. Sketch the shapes of the plots you would expect for the volume of the tank contents, V (L), and 
the concentration of A in the tank, CA(mol/L), versus time. 

3. Outline how the equations would be solved to derive an expression for C A (f) for the period 
from / = 0 to t = 60 s. 

A flowchart of the process is as follows: 

) (L/S) _ 

0.015 mol A/L ! 


viu 

C A (mol MJ 


The concentration of A in the tank changes with time because both the moles of A in the tank and 
the volume of the tank contents are changing. 


1. Total mass balance: accumulation = input (kg/s). The total mass of the tank contents (kg) at 
any time is p(kg/L) V(L), and the mass flow rate of the feed stream (kg/s) is p(kg/L)v(L/s). The 
mass balance thus becomes d(pV)/dt - pb, or, bringing p (which we are told is constant) out 
of the derivative and canceling it. 



(1) 


Balance on A: accumulation (mol A/s) = input — consumption. The number of moles of A in 
the tank at any time equals V'(L)CA(mol A/L). Hie balance equation therefore becomes 

l(VC„) - i.(t j- 0.015 25^ - <0.0375C A )(^)ni.) 

||product rule 


V ^ + C A ~ = 0.015t> - 0.0375 VC A 
dt dt 

^Substitute for dV/dt from Equation 1, solve for dC A /dt 

~ | (0.015 mol A/L - C A ) - 0.0375C A 

C A (0) = 0 mol A/L 


( 2 ) 


The initial condition in Equation 2 follows from the statement that the tank initially contains 
pure water. In Equations 1 and 2, 


v(t) = 2.5t 0 s t £ 10s (3a) 

= 25 L/s / > 10 s (3b) 

(Verify Equation 3a.) 

Equations 1 and 2 are two differential equations in two dependent variables that have the 
form of Equations 11.4-1 and 11.4-2, where V and C A correspond to yi and yi, respectively. 
The equations may therefore be solved with any of the computer programs mentioned at the 
beginning of this section . 3 


3 It would be easier in this particular problem to solve Equation l analytically and substitute for V(t) in Equation 2. 
The methods we are illustrating now would work even if an analytical solution to Equation t could not be found. 
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2, To predict the shape of the curve on a plot of V versus t , we need only remember that the slope 
of the curve is dV/dt, which in turn equals v(t ) (from Equation 1). Try to follow this chain of 
reasoning: 

• A point on the plot of V versus t is the initial condition (t = 0, V - 75 L). 

• During the first 10 seconds, dVjdt = 2.5f (from Equations 1 and 3a). The slope of the curve 
therefore equals zero at t = 0 (so that the curve is horizontal at the V axis) and increases 
over the first 10 seconds (so that the curve is concave up). 

• At t = 10 seconds, dVj dt reaches a value of 25 L/s and thereafter remains constant at that 
value. A curve with a constant slope is a straight line. The plot of V versus t for t > 10 s 
must therefore be a straight line with a slope of 25 L/s. 

• Putting the preceding observations together, we conclude that the plot of V versus t starts 
horizontally at (/ = 0, V = 75 L), curves up for 10 seconds, and then becomes a straight line 
with a slope of 25 L/s. It should have the following appearance: 



• The plot of C A versus r must begin at (t = 0, C A = 0), since the tank initially contains pure 
water. 

• At t = 0, the expression of Equation 2 for dCjdt equals zero since both t and C A are zero 
at this point. (Verify.) The plot of C A versus t is therefore horizontal at the C A axis. Since we 
are adding A to the tank, its concentration must increase and so the curve must be concave 
up. 

• As time proceeds, more and more of the tank volume is occupied by fluid in which the A has 
had a long time to react. We could anticipate that at a very long time, the tank would contain 
a huge volume with very little A in it, and the A being added would be diluted down to a 
concentration approaching zero. C A should therefore increase near t - 0, rise to a maximum, 
start decreasing, and approach zero at long times. 

• Furthermore, the concentration in the tank can never be greater than that in the feed stream 
(0.015 mol/L) and. in fact, must always be less than this amount since (a) the feed is diluted 
by the water initially in the tank and (b) some of the A in the feed reacts once it is in the 
tank. The maximum value of C A must therefore be less than 0.015 mol A/L. 

• All of these observations combine to predict a plot with the following shape: 



t(s) 


3. The system of equations must be solved in two stages—the first from t — 0 to t = 10 s (when 
v = 2.5r) and the second for t > 10 s, when v = 25 L/s. The procedure is as follows: 



(la) 

(2a) 


C A (0) = 0 
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When this pair of equations is solved for V(t) and C A (t) (we will omit details of the solution 
procedure), we determine that V(10 s) = 200 L and C A (10 s) = 0.00831 mol A/L. 

• Substitute v(t) — 25 Us in Equations l and 2 and substitute the dependent variable values 
at t = 10 s for the initial conditions: 

^ = 25 L/s (lb) 

at 

K(10) = 200 L 

= ^(0.015 - C A ) - 0.0375C* (2b) 

at V 

C A (10) = 0.0831 mol A/L 

These equations may be solved for V(t) and C A (t) for t > 10 s. These solutions along with 
the previous solutions for t s 10 s are shown in the following plots: 



0 10 20 30 40 50 60 70 


f{s) 



0 10 20 30 40 50 6 
/(s) 


11.5 SUMMARY 


All batch and semibatch processes are transient, as are continuous processes being started 
up, shut down, or in transition from one operating state to another. The accumulation terms 
in balance equations for transient systems are not zero (as they are for steady-state systems) 
but rather are derivatives of system variables with respect to time, and balance equations are 
consequently differential rather than algebraic. 

The procedure for writing and solving transient balances is as follows: 

* Write an expression for the amount of the balanced quantity in the system (mass, moles of 
a particular species, energy) and set the accumulation term in the balance equation equal to 
the derivative of that amount with respect to time. 

• Substitute for the input, output, generation, and consumption terms in the balance equation, 
and convert the resulting equation into one with the form 


dt 


= fM 


y(0) = y 0 

where y(t) is the dependent system variable to be determined (total mass or volume of the 
system contents, concentration or mole fraction of a species, temperature) and >o is the spec¬ 
ified initial value of y. 

• Sketch the anticipated plot of y versus t, using the initial condition to locate the starting 
point and using what you know about the slope (which equals dyjdt) to predict the shape of 
the curve. 

• If the balance equation can be solved analytically (e.g., by separation of variables and inte¬ 
gration), do so; otherwise, solve it using differential equation-solving software. 

• If the system involves more than one dependent variable (such as a semibatch unit in which 
both the volume and composition of the system contents vary or a reactor in which several 



564 Chapter 11 Balances on Transient Processes 


PROBLEMS 


reactions occur simultaneously), write balance equations for all the dependent variables and 
convert them to the form 

= /i(>%>’2,---.W) 

>'iOo) = >’li 

d ? n f{ A 

= }’ni 

Differential equation-solving software may then be used to generate tables and/or plots of 
the dependent variables versus time. 


Most of the following problems ask you to write one or more transient balances, provide initial 
conditions for each derived equation, and integrate the equations. Whether or not such a problem 
explicitly requests it, you should always check your solution by verifying that (a) the initial condition 
is satisfied, (b) differentiating your solution yields the original balance equation, and (c) the previ¬ 
ously determined steady-state solution (if one has been determined) is approached as t -* y> in the 
transient solution. 

11.1. A solution containing hydrogen peroxide with a mass fraction .rpo (kg HjOi/kg solution) is added 
to a storage tank at a steady rate mo(kg/h). During this process, the liquid level reaches a corroded 
spot in the tank wall and a leak develops. As the filling continues, the leak rate mi (kg/h) becomes 
progressively worse. Moreover, once it is in the tank the peroxide begins to decompose at a rate 

r d (kg/h) = kM p 

where Af p (kg) is the mass of peroxide in the tank. The tank contents are well mixed, so that the 
peroxide concentration is the same at all positions. At a time t = 0 the liquid level reaches 
the corroded spot. Let Mq and Mpo be the total liquid mass and mass of peroxide, respectively, 
in the tank at that moment, and let M(f) be the total mass of liquid in the tank at any time there¬ 
after, 

(a) Show that the leakage rate of hydrogen peroxide at any time is m\M ? /M. 

(b) Write differential balances on the total tank contents and on the peroxide in the tank, and pro¬ 
vide initial conditions. Your solution should involve only the quantities mo, m\, Xpo, k. M . Mo, 
M p , Mpo, and t. 

11.2. One hundred fifty kmol of an aqueous phosphoric acid solution contains 5.00 mole% H 3 PO 4 . The 
solution is concentrated by adding pure phosphoric acid at a rate of 20.0 L/min. 

(a) Write a differential mole balance on phosphoric acid and provide an initial condition. [Start by 
defining n p (kmol) to be the total quantity of phosphoric acid in the tank at any time.] 

(b) Solve the balance to obtain an expression for n p (r). Use the result to derive an expression for 
x p (t), the mole fraction of phosphoric acid in the solution. 

(c) How long will it take to concentrate the solution to 15% H 3 PO 4 ? 

11.3. Methanol is added to a storage tank at a rate of 1200 kg/h and is simultaneously withdrawn at a rate 
m w (t) (kg/h) that increases linearly with time. At t = 0 the tank contains 750 kg of the liquid and 
m w = 750 kg/h. Five hours later m w equals 1000 kg/h. 

(a) Calculate an expression for m w (r), letting t - 0 signify the time at which m w = 750 kg/h, and 
incorporate it into a differential methanol balance, letting M (kg) be the mass of methanol in 
the tank at any time. 

(b) Integrate the balance equation to obtain an expression for M( t ) and check the solution two ways. 
(See Example 11.2-1.) For now, assume that the tank has an infinite capacity. 

(c) Calculate how long it will take for the mass of methanol in the tank to reach its maximum value, 
and calculate that value. Then calculate the time it will take to empty the tank. 

(d) Now suppose the tank volume is 3.40 m 3 . Draw a plot of M versus t, covering the period from 
t - 0 to an hour after the tank is empty. Write expressions for M(t) in each time range when 
the function changes. 




Problems 565 



Student 
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• 

Equipment 

Encyclopedia 

valve 


11.4. A 10.0-ft 3 compressed-air tank is being filled. Before the filling begins, the tank is open to the 

atmosphere. The reading on a Bourdon gauge mounted on the tank increases linearly from an 
initial value of 0.0 to 100 psi after 15 seconds. The temperature is constant at 72°F and atmosnherir 
pressure is 1 atm. F 

(a) Calculate the rate n(lb-mole/s) at which air is being added to the tank, assuming ideal gas 
behavior. ( Suggestion: Start by calculating how much is in the tank at t = 0.) 

(b) Let N{t) equal the number of lb-moles of air in the tank at any time. Write a differential 
balance on the air in the tank in terms of N and provide an initial condition. 

(c) Integrate the balance to obtain an expression for N(t). Check your solution two ways. 

(d) Estimate the number of lb-moles of oxygen in the tank after two minutes. 

11.5. A gas storage tank with a floating roof receives a steady input of 540 nvVh of a natural gas. The 
rate of withdrawal of gas from the tank, i> w , varies more or less randomly during the dav and is 
recorded at 10-min intervals. At 8:00 a.m. one morning the volume of stored gas is 3.00 x'lO 3 m 3 . 
The withdrawal rate data for the next 4 hours are as follows: 


Hour Beginning at 

i'wfm-Vmin) 

8:00 

11.4,11.9,12.1,11.8,11.5,11.3 

9:00 

11.4,11.1,10.6,10.8,10.4,10.2 

10:00 

10.2, 9.8, 9.4, 9.5, 9.3, 9.4 

11:00 

9.5, 9.3, 9.6, 9.6, 9.4, 9.9 

12:00 

9.8 


The temperature and pressure of the inlet, stored, and outlet gases are equal and nearly constant 
throughout the given time period. 

(a) Write a differential balance on the moles of gas in the tank, and prove that when integrated 
it yields the following equation for the gas volume: 

V(t) = 3.00 X 10 3 + 9.00f - f \dt 
Jo 

where t(min) is the time elapsed since 8:00 a.m. 

(b) Calculate the stored gas volume at noon, using Simpson’s rule (Appendix A.3) to evaluate 
the integral. 

(c) Although a running estimate of the tank volume is important to have, in practice it would 
probably not be obtained in the manner indicated. How would it be obtained? What might 
you infer if the value estimated in part (b) is greater than that obtained by the more accurate 
method? 

*(d) Create a spreadsheet or a computer program to read in the data for v w (t) and to estimate 
and print out the gas volume at each time for which v w is recorded, using the trapezoidal 
rule (Appendix A.3) to evaluate the integral over each successive 10-min interval. What is 
the percentage difference between the volumes at noon estimated by Simpson’s rule and the 
trapezoidal rule? Which estimate should be more accurate? 

11.6. Water is added at varying rates to a 300-liter holding tank. When a valve in a discharge line is 
opened, water flows out at a rate proportional to the height and hence to the volume V of water 
m the tank. The flow of water into the tank is slowly increased and the level rises in consequence 
until at a steady mput rate of 60.0 L/min the level just reaches the top but does not spill over. The 
input rate is then abruptly decreased to 20.0 L/min. 

(a) Write the equation that relates the discharge rate, i' 0Ul (L/min), to the volume of water in the 
tank, V(L), and use it to calculate the steady-state volume when the input rate is 20 L/min 

(b) Write a differential balance on the water in the tank for the period from the moment the 
input rate is decreased ( t - 0) to the attainment of steady state (t =»), expressing it in the 
form dV!dt = ■ ■ ■. Provide an initial condition. 

(cl Without integrating the equation, use it to confirm the steady-state value of V calculated in 
part (a,i and then to predict the shape you would anticipate for a plot of V versus t. Explain 
your reasoning. 


♦Computer problem. 
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(d) Separate variables and integrate the balance equation to derive an expression for V(t). Calcu¬ 
late the time in minutes required for the volume to decrease to within 1% of its steady-state 
value. 

11.7. The production supervisor of a small pharmaceutical firm has observed a decreasing demand for 
potassium regurgitol (PRG) over a two-month period, and since the plant manager has been 
throwing up the low sales of this product at the weekly staff meetings, the supervisor decides 
to discontinue its production immediately. On the day of this decision, the inventory of PRG is 
18,000 kg. Based on the orders on hand, the manager projects the following weekly demand for 
the next six weeks: 


Week 

1 

2 

3 

4 

5 

6 

Demand £>(kg/wk) 

2385 

1890 

1506 

1196 

950 

755 


(a) Use a semilog plot of the projected demand figures to derive an equation for D as a function 
of t (weeks) from the present time. 

(b) Write a differential balance on the inventory I (kg) of PRG, and integrate it to determine I 
as a function of t. 

(c) If the demand continues to follow the projected trend of the next six weeks, how much PRG 
will eventually have to be discarded? 

11.8. A ventilation system has been designed for a large laboratory with a volume of 1100 m 3 . The 
volumetric flow rate of ventilation air is 700 m 3 /min at 22°C and 1 atm. (The latter two values 
may also be taken as the temperature and pressure of the room air.) A reactor in the laboratory 
is capable of emitting as much as 1.50 mol of sulfur dioxide into the room if a seal ruptures. An 
S0 2 mole fraction in the room air greater than 1.0 x 10“ 6 (1 ppm) constitutes a health hazard. 

(a) Suppose the reactor seal ruptures at a time t — 0 and the maximum amount of S0 2 is emitted 
and spreads uniformly throughout the room almost instantaneously. Assuming that the air 
flow is sufficient to make the room air composition spatially uniform, write a differential SO 2 
balance, letting N be the total moles of gas in the room (assume constant) and x(t) the mole 
fraction of S0 2 in the laboratory air. Convert the balance into an equation for dx/dt and 
provide an initial condition. (Assume that all of the S0 2 emitted is in the room at t — 0.) 

(b) Predict the shape of a plot of x versus t. Explain your reasoning, using the equation of part 

(a) in your explanation. 

(c) Separate variables and integrate the balance to obtain an expression for x(r). Check your 
solution. 

(d) Convert the expression for x(t) into an expression for the concentration of S0 2 in the room, 
Csoj (mol S0 2 /L). Calculate (i) the concentration of S0 2 in the room two minutes after the 
rupture occurs, and (ii) the time required for the S0 2 concentration to reach the “safe” level. 

(e) Why would it probably not yet be safe to enter the room after the time calculated in part (d)? 
(Hint: One of the assumptions made in the problem is probably not a good one.) 

11.9. A gas leak has led to the presence of 1.00 mole% carbon monoxide in a 350-m 3 laboratory. 4 The 
leak was discovered and sealed, and the laboratory is to be purged with clean air to a point at 
which the air contains less than the OSHA (Occupational Safety and Health Administration)- 
specified Permissible Exposure Level (PEL) of 35 ppm (molar basis). Assume that the clean air 
and the air in the laboratory are at the same temperature and pressure and that the laboratory 
air is perfectly mixed throughout the purging process. 

(a) Let r r (h) be the time required for the specified reduction in the carbon monoxide concen¬ 
tration. Write a differential CO mole balance, letting N equal the total moles of gas in the 
room (assume constant), x the moie fraction of CO in the room air, and u p (m 3 /h) the flow 
rate of purge air entering the room (and also the flow rate of laboratory air leaving the room). 
Convert the balance into an equation for dx/dt and provide an initial condition. 

(b) Integrate the balance to derive an equation for f r in terms of i> p . 

(c) If the volumetric flow rate is 700 m 3 /h (representing a turnover of two room volumes per 
hour), how long will the purge take? What would the volumetric flow rate have to be to cut 
the purge time in half? 


4 D. A. Crowl, D. W. Hubbard, and R. M. Felder. Problem Set: Stoichiometry, AIChE/CCPS, New York. 1993. 
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(d) Give several reasons why it might not be safe to resume work in the laboratory after the 
calculated purge time has elapsed? What precautionary steps would you advise taking at this 
point? 

11.10. Ninety kilograms of sodium nitrate is dissolved in 110 kg of water. When the dissolution is complete 
(at time t = 0), pure water is fed to the tank at a constant rate /h(kg/min), and solution is withdrawn 
from the tank at the same rate. The tank may be considered perfectly mixed. 

(a) Write a total mass balance on the tank and use it to prove that the total mass of liquid in the 
tank remains constant at its initial value. 

(b) Write a balance on sodium nitrate, letting x(t.in) equal the mass fraction of NaN0 3 in the 
tank and outlet stream. Convert the balance into an equation for dx dt and provide an initial 
condition. 

(c) On a single graph of x versus t, sketch the shapes of the plots you would expect to obtain 
for m - 50 kg/min, 100 kg/min, and 200 kg/min. (Don’t do any calculations.) Explain your 
reasoning, using the equation of part (b) in your explanation. 

(d) Separate variables and integrate the balance to obtain an expression for x(t, m ). Check your 
solution. Then generate the plots of x versus t for m = 50 kg/min, 100 kg/min, and 200 kg/min 
and show them on a single graph. (A spreadsheet is a convenient tool for carrying out this 
step.) 

(e) If m = 100 kg/min, how long will it take to flush out 90% of the sodium nitrate originally in 
the tank? How long to flush out 99%? 99.9%? 

11.11. A tracer is used to characterize the degree of mixing in a continuous stirred tank. Water enters and 
leaves the mixer at a rate of i<m 3 /min). Scale has built up on the inside walls of the tank, so that 
the effective volume V (m 3 ) of the tank is unknown. At time t = 0, a mass mo(kg) of the tracer is 
injected into the tank and the tracer concentration in the outlet stream, C(kg/m 3 ), is monitored. 

(a) Write a differential balance on the tracer in the tank in terms of V, C, and v, assuming that 
the tank contents are perfectly mixed, and convert the balance into an equation for dC/dt. 
Provide an initial condition, assuming that the injection is rapid enough so that all of the tracer 
may be considered to be in the tank at t = 0. 

(b) Integrate the balance to prove that 

C(t) - (m/ V) cxp( -vt/ V) 

(c) Suppose the flow rate through the mixer is v = 30.0 m 3 /min and that the following data are 
taken: 


lime from injection, t(min) 

1- 

| 1 

2 

i- 

1 3 

! 4 1 

C x 10 3 (kg/m 3 ) 

0.223 

0.050 

0.011 

0.0025 | 

i_ \ 


(For example, at t = 1 min, C = 0.223 x l(r 3 kg/m 3 .) Verify graphically that the tank is 
functioning as a perfect mixer—that is, that the expression of part (b) fits the data—and 
determine the effective volume V(m 3 ) from the slope of your plot. 

11.12. A 40.0-ft 3 oxygen tent initially contains air at 68°F and 14.7 psia. At a time t - 0 an enriched air 
mixture containing 35.0% v/v 0 2 and the balance N 2 is fed to the tent at 68°F and 1.3 psig at a 
rate of 60.0 ft 3 /min, and gas is withdrawn from the tent at 68°F and 14.7 psia at a molar flow rate 
equal to that of the feed gas. 

(a) Calculate the total lb-moles of gas (0 2 + N 2 ) in the tent at any time. 

(b) Let x(t) equal the mole fraction of oxygen in the outlet stream. Write a differential mole bal¬ 
ance on oxygen, assuming that the tent contents are perfectly mixed (so that the temperature, 
pressure, and composition of the contents are the same as those properties of the exit streamy. 
Convert the balance into an equation for dx/dt and provide an initial condition. 

(c) Integrate the equation to obtain an expression for x(r). How long will it take for the mole 
fraction of oxygen in the tent to reach 0.27? 

11.13. A radioactive isotope decays at a rate proportional to its concentration. If the concentration of 
an isotope is C (mg/L), then its rate of decay may be expressed as 

r d [mg/(L-s)j = kC 


where k is a constant. 
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(a) A volume V'(L) of a solution of a radioisotope whose concentration is Co(mg/L) is placed in 
a closed vessel. Write a balance on the isotope in the vessel and integrate it to prove that the 
half-life f t /2 of the isotope—by definition, the time required for the isotope concentration to 
decrease to half of its initial value—equals (In 2)/A:. 

(b) The half-life of 56 Mn is 2.6 h. A batch of this isotope that was used in a radiotracing experiment 
has been collected in a holding tank. The radiation safety officer declares that the activity 
(which is proportional to the isotope concentration) must decay to 1% of its present value 
before the solution can be discarded. How long will this take? 

11.14. A chemical reaction with stoichiometry A —» products is said to follow an n‘ h -order rate law if A 
is consumed at a rate proportional to the nth power of its concentration in the reaction mixture. 
If r A is the rate of consumption of A per unit reactor volume, then 

r A [tnol/(Ls)j = kC n A 

where C A (mol/L) is the reactant concentration, and the constant of proportionality k is the reaction 
rate constant. A reaction that follows this law is referred to as an n th order reaction. The rate 
constant is a strong function of temperature but is independent of the reactant concentration. 

(a) Suppose a first-order reaction (n = 1) is carried out in an isothermal batch reactor of constant 
volume V. Write a material balance on A and integrate it to derive the expression 

C A = C AO exp(-kf) 

where C A o is the concentration of A in the reactor at t = 0. 

(b) The gas-phase decomposition of sulfuryl chloride 

S0 2 C1 2 — S0 2 + Cl 2 

is thought to follow a first-order rate law. The reaction is carried out in a constant-volume 
isothermal batch reactor and the concentration of SO 2 CI 2 is measured at several reaction 
times, with the following results: 


f(min) 

4.0 

21.3 

39.5 

63.4 

120.0 

175.6 

C A (mol/L) 

0.0279 

0.0262 

0.0246 

0.0226 

0.0185 

0.0152 


Verify the proposed rate law graphically [i.e., demonstrate that the expression given in 
part (a) fits the data for C A (f)] and determine the rate constant k, giving both its value and 
its units. 

11.15. A gas-phase decomposition reaction with stoichiometry 2A — * 2B + C follows a second-order rate 
law (see Problem 11.14): 

r d [mol/(m 3 -s)] = kC\ 

where C A is the reactant concentration in mol/m 3 . The rate constant k varies with the reaction 
temperature according to the Arrhenius law 

&{m 3 /(moi-s)] = ko exp(-E/ RT) 

where 

£o{m 3 /(mol-s]) = the preexponential factor 

£(J7mol) = the reaction activation energy 
R = the gas constant 
r(K) = the reaction temperature 

(a) Suppose the reaction is carried out in a batch reactor of constant volume V(m 3 ) at a constant 
temperature T (K), beginning with pure A at a concentration C A0 . Write a differential balance 
on A and integrate it to obtain an expression for C A (/) in terms of C A o and k. 

(b) Let Po(atm) be the initial reactor pressure. Prove that fi/ 2 , the time required to achieve a 50% 
conversion of A in the reactor, equals RT/kP 0 , and derive an expression for Pi/ 2 , the reactor 
pressure at this point, in terms of P 0 . Assume ideal gas behavior. 


• 

Equipment 

Encyclopedia 
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• 
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(c) The decomposition of nitrous oxide (N 2 0) to nitrogen and oxygen is carried out in a 5.00-liter 
batch reactor at a constant temperature of 1015 K. beginning with pure N 2 0 at several initial 
pressures. The reactor pressure P(t ) is monitored, and the times (o 2 ) required to achieve *0% 
conversion of N 2 0 are noted. 


Po(atm) 

0.135 

0.286 

0.416 

0.683 

0,'2(S) 

1060 

500 

344 

209 


Use these results to verify that the N 2 0 decomposition reaction is second-order and determine 
the value of k at T = 1015 K. . 

(d) The same experiment is performed at several other temperatures at a single initial pressure 
of 1.00 atm, with the following results: 


T( K) 

900 

950 

1000 

1050 ; 

( n(s) 

5464 

1004 

219 

55 


Use a graphical method to determine the Arrhenius law parameters iko and £) for the 
reaction. 

(e) Suppose the reaction is carried out in a batch reactor at T = 980 K, beginning with a mixture 
at 1.20 atm containing 70 mole% N 2 0 and the balance a chemicallv inert" gas. How Ions 
(minutes) will it take to achieve a 90% conversion of N 2 0? 

11.16. In an enzyme-catalyzed reaction with stoichiometry A —* B. A is consumed at a rate given bv an 

expression of the Michaelis-Menten form: 

r A [mol/(Ls)] = 

1 T K Z C-a 

where C A (mol/L) is the reactant concentration, and A, and k 2 depend only on temperature. 

(a) The reaction is carried out in an isothermal batch reactor with constant reaction mixture 
volume K(liters), beginning with pure A at a concentration C A0 . Write a balance on A and in¬ 
tegrate it to obtain an expression for the time required to achieve a specified concentration C A . 

(b) Use the expression of part (a) to devise a graphical method of determining k, and k z from 
data for C A versus t. Your plot should involve fitting a straight line and determining the two 
parameters from the slope and intercept of the line. (There are.several possible solutions.) 
Then apply your method to determine A, and k z for the following data taken in a 2.00-liter 
reactor, beginning with A at a concentration C A „ = 5.00 mol/L. 


r(s) 

60.0 

120.0 

180.0 

240.0 : 480.0 ; 

C A (mol/L) 

4.484 

4.005 

3.561 

3.154 j 1.866 


11*17* Phosgene (COCl 2 ) is formed by CO and Cl 2 reacting in the presence of activated charcoal: 

CO + Cl 2 — COCl 2 

At r — 303.8 K the rate of formation of phosgene in the presence of 1 gram of charcoal is 

/?f(mol/min) = —--6.75CcoCq 2 _ 

(1 + 58.6Cpi, + 34.3Ccoci. ) 2 

where C denotes concentration in mol/L. 

(a) Suppose the charge to a 3.00-liter batch reactor is 1.00 g of charcoal and a gas containing 60 
mole% CO and 40 mole% Cl 2> and that the initial reactor conditions are 303.8 K and 1 atm 
Calculate the initial concentrations (mol/L) of both reactants, neglecting the volume occupied 
by the charcoal. Then, letting C P (r) be the concentration of phosgene at an arbitrary time r. 
derive relations for Cco and C C i 2 in terms of 

(b) Write a differential balance on phosgene and show that it simplifies to 

— = 192 ( a ° 2407 - CVKQ.0160S - C P ) 
dt (1.941 - 24.3Cp) 2 

Provide an initial condition for this equation. 
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(c) Starting with the equation of part (b), derive an expression for the time required to achieve 
a 75% conversion of the limiting reactant. Your solution should have the form t = a definite 
integral. 

*(d) The integral you derived in part (c) can be evaluated analytically; however, more complex rate 
laws than the one given for the phosgene formation reaction would yield an integral that must 
be evaluated numerically. One procedure is to evaluate the integrand at a number of points 
between the limits of integration and to use a quadrature formula such as the trapezoidal rule 
or Simpson’s rule (Appendix A.3) to estimate the value of the integral. 

Use a spreadsheet or write a computer program to evaluate the integrand of the integral of 
part (c) at n p equally spaced points between and including the limits of integration, where n p is 
an odd number, and then to evaluate the integral using Simpson's rule. Perform the calculation 
for n p = 5, 21, and 51, and compare the results with the exact value of the integral. 

11.18. A gas that contains CO 2 is contacted with liquid water in an agitated batch absorber. Hie equi¬ 
librium solubility of CO 2 in water is given by Henry’s law (Section 6.4b) 

C A = Pa/H a 

where C A (mol/cm 3 ) = concentration of C0 2 in solution 

p A (atm) = partial pressure of C0 2 in the gas phase 
// A [atm/(moi/cm 3 )] - Henry's law constant 

The rate of absorption of C0 2 (i.e., the rate of transfer of CO 2 from the gas to the liquid per unit 
area of gas-liquid interface) is given by the expression 

r A [mol/(cm 2 s)] = k(C* A - C A ) 

where C A = actual concentration of C0 2 in the liquid 

Cl = concentration of C0 2 that would be in equilibrium with the C0 2 in the gas 
phase (C A = pa/H a ) 
jfc(cm/s) = a mass transfer coefficient 

The gas phase is at a total pressure F(atm) and contains y A (mol C0 2 /mol gas), and the liquid 
phase initially consists of V (cm 3 ) of pure water. The agitation of the liquid phase is sufficient 
for its composition to be considered spatially uniform, and the amount of C0 2 absorbed is low 
enough for P, V , and y A to be considered constant throughout the process. 

(a) Write a differential balance on C0 2 in the liquid phase and integrate it to derive the relation 

C A (f) = CXI 1 ~ exp(-fcSf/V)] 

where S(cm 2 ) is the effective contact area between the gas and liquid phases. 

(b) Suppose the system pressure is 20.0 atm, the liquid volume is 5.00 liters, the tank diameter is 
10.0 cm, the gas contains 30.0 mole% C0 2 , the Henry’s law constant is 9230 atm/(mole/cm 3 ), 
and the mass transfer coefficient is 0.020 cm/s. Calculate the time required for C A to reach 
0.620 mol/L if the gas-phase properties remain essentially constant. 

11.19. A liquid-phase chemical reaction with stoichiometry A B takes place in a semibatch reactor. 
The rate of consumption of A per unit volume of the reactor contents is given by the first-order 
rate expression (see Problem 11.14) 

r A [mol/(L-s)] = kC A 

where C A (mol A/L) is the reactant concentration. The tank is initially empty. Beginning at a time 
t — 0, a solution containing A at a concentration C A o(mol A/L) is fed to the tank at a steady rate 
t>(L/s). 

(a) Write a differential balance on the total mass of the reactor contents. Assuming that the density 
of the contents always equals that of the feed stream, convert the balance into an equation 
for dV/dt, where V is the total volume of the contents, and provide an initial condition. Then 
write a differential mole balance on the reactant. A, letting N A (t) equal the total moles of A in 
the vessel, and provide an initial condition. Your equations should contain only the variables 
N a , V, and f and the constants v and C A0 . (You should be able to eliminate C A as a variable.) 
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(b) Without attempting to integrate the equations, derive a formula for the steady-state value of 

N a . 

(c) Integrate the two equations to derive expressions for V(t) and N A (t), and then derive an 

expression for C A (r). Determine the asymptotic value of N A as / » and verify that the 

steady-state value obtained in part (b) is correct. Briefly explain how it is possible for N A to 
reach a steady value when you keep adding A to the reactor and then give two reasons why 
this value would never be reached in a real reactor. 

(d) Determine the limiting value of C A as t -* *> from your expressions for N A (t) and V(t). Then 
explain why your result makes sense in light of the results of part (c). 

11.20. A kettle containing 3.00 liters of water at a temperature of 18°C is placed on an electric stove and 
begins to boil in four minutes. 

(a) Write an energy balance on the water, neglecting evaporation that may occur during the 
heating. 

(b) What is the average rate (W) at which heat is added to the water during this period? (See 
Example 11.3-1.) 

(c) The rate of heat output from the stove element differs significantly from the heating rate 
calculated in part (b). In which direction, and why? 

11.21. An electrical coil is used to heat 20.0 kg of water in a closed well-insulated vessel. The water 
is initially at 25°C and 1 atm. The coil delivers a steady 2.50 kW of power to the vessel and its 
contents. 

(a) Write a differential energy balance on the water, assuming that 97% of the energy delivered 
by the coil goes into heating the water. What happens to the other 3%? 

(b) Integrate the equation of part (a) to derive an expression for the water temperature as a 
function of time. 

(c) How long will it take for the water to reach the normal boiling point? Will it boil at this 
temperature? Why not? 

11.22. An iron bar 2.00 cm x 3.00 cm x 10.0 cm at a temperature of 95°C is dropped into a barrel of 
water at 25°C. The barrel is large enough so that the water temperature rises negligibly as the bar 
cools. The rate at which heat is transferred from the bar to the water is given by the expression 

2(J/min) = UA(T b - T v ) 

where U[ - 0.050 J/(min-cmr-°C)j is a heat transfer coefficient, A(cm 2 ) is the exposed surface area of 
the bar, and T b (°C) and 7 W ( 0 C) are the surface temperature of the bar and the water temperature, 
respectively. 

The heat capacity of the bar is 0.460 J/(g-°C). Heat conduction in iron is rapid enough for the 
temperature T b (t) to be considered uniform throughout the bar. 

(a) Write an energy balance on the bar, assuming that all six sides are exposed. Your result should 
be an expression for dT b j dt and an initial condition. 

(b) Without integrating the equation, sketch the expected plot of T b versus t, labeling the values 
of r b at t = 0 and t -*■ <*. 

(c) Derive an expression for T b (t) and check it three ways. How long will it take for the bar to 
cool to 30°C? 

11.23. A steam coil is immersed in a stirred heating tank. Saturated steam at 7.50 bar condenses within 
the coil, and the condensate emerges at its saturation temperature. A solvent with a heat capacity 
of 2.30 kJ/(kg-°C) is fed to the tank at a steady rate of 12.0 kg/min and a temperature of 25°C, 
and the heated solvent is discharged at the same flow rate. The tank is initially filled with 760 kg 
of solvent at 25°C, at which point the flows of both steam and solvent are commenced. The rate 
at which heat is transferred from the steam coil to the solvent is given by the expression 

Q = f/A(r steam - 7) 

where UA (the product of a heat transfer coefficient and the coil surface area through which the 
heat is transferred) equals 11.5 kJ/(min-°C).The tank is well stirred, so that the temperature of the 
contents is spatially uniform and equals the outlet temperature. 

(a) Prove that an energy balance on the tank contents reduces to the equation given below and 
supply an initial condition. 


— = 1.50°Omin - 0.02247 
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(b) Without integrating the equation, calculate the steady-state value of T and sketch the expected 
plot of T versus t, labeling the values of T b at t — 0 and t -* =«. 

(c) Integrate the balance equation to obtain an expression for T(t) and calculate the solvent 
temperature after 40 minutes. 

(d) A new stirrer assembly has been installed in the heating tank. The process described above 
is run again with the same steam conditions, solvent flow rate, and mass of solvent charged 
to the tank, and the temperature after 40 minutes is 55°C instead of the value calculated in 
part (c). One of the system variables listed in the problem statement must have changed as 
a resuit of the change in the stirrer. Which variable would you guess it to be, and by what 
percentage of its initial value did it change? 

11.24. At 9:30 one morning, a graduate student measures 350 grams of liquid benzene at 20°C into a 
glass flask dirty enough that its contents cannot be seen, puts the open flask on a bunsen burner, 
turns the burner on, and goes for a coffee break. The conversation at the break is lively and he 
doesn’t get back until 10:10 a.m. He looks down into the flask, sees the liquid is boiling, turns the 
burner off, feels a little irritation in his eye and rubs the eye with his hand, picks up the flask, 
says “Ouch” (or something roughly equivalent), puts the flask down on his laboratory partner’s 
thermodynamics homework, and starts to prepare the next step of the experiment. 

(a) Suppose the heat input rate to the flask contents is 40.2 W. Calculate the time at which the 
benzene temperature reached 40 S 'C. Neglect evaporation of benzene during the heating and 
take the heat capacity of liquid benzene to be constant at 1.77 J/(g-°C). 

(b) Calculate the quantity of benzene left in the flask at 10:10 a.m., assuming that once the benzene 
starts boiling, the rate of heat input to the flask (40.2 W) equals the rate of vaporization (g/s) 
times the heat of vaporization (J/g). 

(c) The graduate student was lucky. First, neither his supervisor nor the university safety officer 
came into the laboratory during this episode. More importantly, he was still alive and well at 
the end of the day. Identify as many of his safety violations as you can, explaining the danger 
and suggesting for each violation what he should have done instead. 

11.25. A steam radiator is used to heat a 60-m 3 room. Saturated steam at 3.0 bar condenses in the radiator 
and emerges as a liquid at the saturation temperature. Heat is lost from the room to the outside 
at a rate 

G(kJ/h) = 30.0(T - To) 

where T (°C) is the room temperature and To = 0°C is the outside temperature. At the moment 
the radiator is turned on, the temperature in the room is 10°C. 

(a) Let ms(kg/h) denote the rate at which steam condenses in the radiator and n(kmol) the 
quantity of air in the room. Write a differential energy balance on the room air, assuming that 
n remains constant at its initial value, and evaluate all numerical coefficients. Take the heat 
capacity of air (C„) to be constant at 20.8 J/(mol°C). 

(b) Write the steady-state energy balance on the room air and use it to calculate the steam 
condensation rate required to maintain a constant room temperature of 24°C. 

(c) Integrate the transient balance to calculate the time required to achieve a temperature of 
23°C, assuming that the steam rate is that calculated in part (b). 

11.26. An immersed electrical heater is used to raise the temperature of a liquid from 20°C to 60°C in 
20.0 min. The combined mass of the liquid and the container is 250 kg, and the mean heat capacity 
of the system is 4.00 kJ/(kg °C). The liquid decomposes explosively at 85°C. 

At 10.00 a.m. a batch of liquid is poured into the vessel and the operator turns on the heater 
and leaves to make a phone call. Ten minutes later, his supervisor walks by and looks at the strip 
chart record of the power input. This what she sees. 



/(minutes from startup) 
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The supervisor immediately shuts off the heater and charges off to pass on to the operator several 

brief observations that come to her mind. 

(a) Calculate the required constant power input <j(kW), neglecting energy losses from the con¬ 
tainer. 

(b) Write and integrate using Simpson’s rule (Appendix A.3) an energy balance on the system to 
estimate the system temperature at the moment the heater is shut off. Use the following data 
from the recorder chart: 


f(s) 

0 

30 

60 

90 

120 

150 

o 

00 

210 

240 

270 

300 

G(kW) 

33 

33 

34 

35 

37 

39 

41 

44 

47 

50 

54 


! 

'(S) 

1 330 

360 390 

_L. 

420 

450 

480 

510 

540 

570 

600 

I 0(kW) 

1 - 1 

58 

62 | 66 

I 70 

_i 

75 

80 ; 

85 

90 

95 

100 


(c) Suppose that if the heat had not been shut off, Q would have continued to increase linearly 
at a rate of 10 kW/min. At what time would everyone in the plant realize that something was 
wrong? 

11.27. A 2000-liter tank initially contains 400 liters of pure water. Beginning at t = 0, an aqueous solution 
containing 1.00 g/L of potassium chloride flows into the tank at a rate of 8.00 L/s and an outlet 
stream simultaneously starts flowing at a rate of 4.00 L/s. The contents of the tank are perfectly 
mixed, and the density of the feed stream and of the tank solution. p(g/L), may be considered 
constant. Let V(t)( L) denote the volume of the tank contents and C(f)(g/L) the concentration of 
potassium chloride in the tank contents and outlet stream. 

(a) Write a total mass balance on the tank contents, convert it to an equation for dV/dt. and provide 
an initial condition. Then write a potassium chloride balance, convert it to an equation of the 
form dC/dt — f(C, V), and provide an initial condition. (See Example 11.4-1.) 

(b) Without solving either equation, sketch the plots you would expect to obtain for V versus t 
and C versus t. Briefly explain your reasoning. 

(c) Solve the mass balance equation to obtain an expression for V(t). Then substitute for V in the 
potassium chloride balance and solve for C(r). Calculate the KC1 concentration in the tank at 
the moment the tank overflows. 

11.28, The diagram below shows three continuous stirred tanks connected in series. 
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The flow and mixing patterns in this system are studied by dissolving 1500 g of a salt (S) in the 
first tank, filling each of the other two tanks with pure solvent, and then starting the 40 L/s flow 
through the system. Each tank outlet stream is monitored with an on-line thermal conductivity 
detector calibrated to provide instantaneous readings of salt concentration. The data are plotted 
versus time and the results are compared with the plots that would be expected if the tanks are 
all perfectly mixed. Your job is to generate the latter plots. 

(a) Assuming that pure solvent is fed to the first tank and that each tank is perfectly mixed (so that 
the salt concentration in a tank is uniform and equal to the concentration in the outlet stream 
from that tank), write salt balances on each of the three tanks, convert them to expressions 
for dCsi/dt, dCsz/dt, and dC%~ 3 jdt , and provide appropriate initial conditions. 

(b) Without doing any calculations, on a single graph sketch the forms of the plots of C S i versus 
L Q 2 versus t, and Css versus t you would expect to obtain. Briefly explain your reasoning. 

*(c) Use a differential equation-solving program to solve the three equations, proceeding to a time 
at which Cs 3 has fallen below 0.01 g/L, and plot the results. 


’Computer problems. 
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11.29. The following chemical reactions take place in a liquid-phase batch reactor of constant vol¬ 
ume V. 


A -*> 2B ri[mol A consumed/(L-s)] = 0.100C A 
B -> C r 2 [mol C generated/(L-s)] = 0.200 C\ 


where the concentrations C A and C B are in mol/L. The reactor is initially charged with pure A at 
a concentration of 1.00 mol/L. 

(a) Write expressions for (i) the rate of generation of B in the first reaction and (ii) the rate of 
consumption of B in the second reaction. (If this takes you more than about 10 seconds, you’re 
missing the point.) 

(b) Write mole balances on A, B, and C, convert them into expressions for dC A /dt, dC^fdt, and 
dCc/dt, and provide boundary conditions, 

(c) Without doing any calculations, sketch on a single graph the plots you would expect to obtain 
of C A versus t, Cb versus r, and Cc versus t. Clearly show the function values at t = 0 and 
t —> *> and the curvature (concave up, concave down, or linear) in the vicinity of t = 0. Briefly 
explain your reasoning. 

*(d) Solve the equations derived in part (b) using a differential equation-solving program. On a 
single graph, show plots of C A versus r, C B versus /, and Cc versus t from t = 0 to t = 50 s. 
Verify that your predictions in part (c) were correct. If they were not, change them and revise 
your explanation. 

1130. A liquid mixture containing 70.0 mol of n-pentane and 30.0 mol of n-hexane initially at 46°C is 
partially vaporized at P — 1 atm in a single-stage distillation apparatus (Rayleigh still). 


/iytmol vapor/s) 

A vtmol CnHi;(v)/moll 



GKkJ/s) V L (mol liquid) 

jctmol C 5 H !2 (l)/mol) 


The heat added to the system, Q, vaporizes liquid at the rate /tv(moI/s). The vapor product 
and remaining liquid at a given moment are always in equilibrium with each other. The relation¬ 
ship between the mole fraction of pentane in the liquid (*) and that in the vapor (>•) is of the form 

ax 


so that the system involves four time-dependent variables— jV l , n v , x, and y, where N L is the 
total moles of liquid in the still at any time. (We will suppose that the rate of heat transfer to the 
evaporator, Q, is constant and known.) Four equations relating the unknowns will be required to 
determine these variables. The equations are two material balances, an energy balance, and the 
vapor-liquid equilibrium relationship just given. 

(a) When x — 1, what must y equal? (Think of the definitions of these quantities.) Use your 
answer and the vapor-liquid equilibrium expression to derive an equation relating the param¬ 
eters a and b . 

(b) Use Raoult’s law (Equation 6.4-1) and the Antoine equation to calculate the mole fraction of 
pentane in the vapor phase in equilibrium with the 70% pentane-30% hexane feed mixture 
at the initial system temperature of 46°C and a pressure of 1 atm. Then use this result and 
that of part (a) to estimate a and b . (We will assume that these values remain the same over 
the range of compositions and temperatures to be undergone by the system.) 

(c) Taking the residual liquid in the still as your system, write a differential balance on total moles 
to obtain an expression for dN^/dt. Then write a balance on pentane, recognizing that both 
N l and x are functions of time. (Hint: Remember the product rule for differentiation.) Prove 
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that the pentane balance can be converted into the following equation: 

dx _ hy ( ax \ 

cit iV L + b X J 

Supply initial conditions for your two differential equations. 

(d) In part (c), you derived two equations in three unknown dependent variables— « v (0 N,(t) 
provides t T ° detem,ine theSe variables ’ we need a third relationship. An energy balance 


A rigorous energy balance would take into account the changing composition of the 
liquid, the slightly different heats of vaporization of pentane and hexane, and the enthalpy 
changes associated with temperature changes, and would make the problem relatively hard 
to solve. A reasonable approximation is to assume that (i) the liquid has a constant heat of 
vaporization of 27.0 kJ/mol, independent of composition and temperature; and (ii) all heat 
supplied to the still [G(kJ/s)] goes to vaporize liquid (i.e„ we neglect energy that goes into 
raising the temperature of the liquid or the vapor). Make these assumptions, consider 0 to be 
constant and known, and derive a simple expression for h v that can be used to eliminate this 
variable in the differential equations of part (c). From there, derive the following expression: 


dx 

It 


100.0 mol - Qt/27.0 \x + b 


*(e) Use a differential equation-solving program to calculate x,y, N L , and hy from r = 0 until the 
time at which the liquid completely evaporates. Do the calculation for (i) Q = 1.5 kJ/s and 
(ii) Q = 3.0 kJ/s. On a single graph, plot x and y versus f, showing curves for both values 


(f) In a short paragraph, describe what happens to the compositions of the vapor product and 
residual liquid over the course of a run. Include a statement of what the initial and final vapor 
compositions are and how the heating rate affects the system behavior. 


■"Computer problem. 
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Chapter 


Production of Chlorinated 
Polyvinyl Chloride 1 


Certain types of molecules can react to form polymers—long molecular chains with thousands 
of links. For example, vinyl chloride (C 2 H 3 CI) may react in the presence of an initiator (I) to 
form polyvinyl chloride, or PVC. 



n 


in + 2) vinyl chloride -- poly(vinyl chloride) 

Several terms associated with polymer production processes may be defined in terms of 
this reaction. The monomer is vinyl chloride, the molecular species that reacts to form the 
high molecular weight polymer, polyvinyl chloride. The initiator, I, may be a reactive chemical 
species that decomposes into fragments that initiate the chain growth, or it may be a type of 
radiation (such as ultraviolet light) that has the same effect. Once a chain has been initiated, 
it steadily grows as monomer molecules continue to add to it. Chain growth termination oc 
curs when two growing chains react with each other, or when another chemical species in the 
reaction mixture attaches to the active end of a growing chain. The symbols R and R' denote 
end groups, molecular fragments at the two ends of the polymer molecule that were involved 
in the chain growth initiation or termination steps. The repeating units in the chain (C 2 H 3 C1) 
are called mers, (Monomer = single mer, polymer = multiple mers.) The symbol n denotes 
the number of mers in the polymer molecule, not counting the two at the end of the chain. 
The polymer molecular weight is approximately equal to n times the molecular weight of the 
monomer, since if n is in the thousands or higher, the contribution of the end groups to the 
molecular weight is negligible. 


‘This case study was prepared by Gary S. Huvard, HRC, Inc., Richmond, VA, and Richard M. Felder. 
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All rubbers, glasses, and plastics are polymers. You are probably familiar with natural 
polymers like cellulose (the building block of plant fibers) and synthetic polymers like poly¬ 
ethylene (plastic milk cartons), polyisoprene (automobile tires), polyethylene terephthalate 
(soft drink bottles), polymethyl methacrylate (Plexiglas®), polyvinylidene chloride (transpar¬ 
ent plastic wrap), polytetrafluoroethylene (Teflon®), and various polyesters (fabrics). Polyvinyl 
chloride, the polymer shown earlier, is used to make rigid pipes, house siding, and protective 
coverings for automobile seats and dashboards, among many other applications. 

PVC can be made in several different ways, depending on the intended end use. One 
method, suspension polymerization, produces a dry white powder called a resin. In this process, 
droplets of liquid vinyl chloride are suspended in water (in which vinyl chloride is insoluble) 
in a stirred-tank reactor. Polymerization occurs in each droplet, and the water surrounding the 
droplets is used to convey away the heat generated by the exothermic polymerization reac¬ 
tion. Under a microscope, the suspension PVC resin looks like a tiny bundle of grapes. Each 
macroparticle in the bundle is about 100-150 microns (micrometers, pm) in diameter, a bit 
larger than a grain of sand, and is itself composed of hundreds of microparticles , each about 
1-3 microns in diameter, tightly stuck together and covered by a very thin external membrane. 

At room temperature, PVC is rigid. When raised to sufficiently high temperatures it be¬ 
comes molten and can be extruded into a variety of different shapes, including pipe and pipe 
fittings. PVC pipe has become the material of choice for residential cold water plumbing; it 
is less expensive than copper pipe and easier to install, since pipe fittings can be glued onto 
pipe sections instead of having to be soldered like copper. One problem with PVC pipe, how¬ 
ever. is that it begins to soften and become rubbery at about 80°C, and once it softens it loses 
strength and can no longer be trusted to hold pressure. Hot water piping requires a material 
with a higher softening temperature. A candidate for this application is chlorinated polyvinyl 
chloride, or CPVC. 


PVC CHLORINATION REACTION CHEMISTRY 


CPVC is produced by reacting suspension PVC resin with chlorine. The reaction is initiated by 
decomposing diatomic chlorine dissolved in water into highly unstable and reactive chlorine 
atoms, 

Cl 2 — 2 Cl- 

with either high heat or ultraviolet radiation. Once this initiation step has taken place, a chlorine 
atom attacks a PVC chain at a random location and replaces a hydrogen atom at the attack 
position. 



H H H (Cl) H H 

-c— c— c— C—C— c-h R' + H- 
H Cl H Cl H Cl | 


The liberated hydrogen atom reacts with a chlorine molecule to form a molecule of hydrogen 
chloride and another chlorine atom: 

H- + Cl 2 — HC1 + Cl- 

The new chlorine atom attacks a polymer molecule and replaces another hydrogen atom, and 
this chain propagation sequence continues as long as both chlorine gas and hydrogen atoms 
on polymer chains remain in the system. If enough chlorine is added to the reactor, a structure 
similar to the following one might be obtained (the added chlorines are circled): 
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“67% Cl CPVC”: 
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When the polymer has this structure fwhich requires replacing roughly one out of even- five 
hydrogen atoms on the PVC chains with chlorine atoms) it contains between 67 and 68 wi% 
chlorine and its softening temperature is about 110°C, high enough for the material to be 
used for hot water piping. If the chlorine content rises above 70 wt% Cl, the polvmer be¬ 
comes too difficult to process. In this case study, we analyze a process for producing CPVC 
from PVC. 


PROCESS DESCRIPTION 

Step 1. Solid PVC resin is combined with water in a stirred tank to make a slurrv (a suspension 
of solid particles in a liquid) containing about 10 wt% PVC. The slurrv is pumped 
to a continuous chlorine absorber, a vessel equipped with an impeller that keeps the 
contents agitated. A stream of chlorine vapor at 25°C also enters the absorber The 
absorber operates at 25°C. 

The chlorine absorber is enclosed by a jacket through which a hot or cold fluid 
can be pumped to maintain the absorber contents at anv desired temperature. A pres¬ 
sure relief pipe emerging from a point near the top of the absorber is equipped with a 
rupture disk, a thin metal membrane designed to break if the absorber pressure rises 
above a certain value. If this happens, gas flows from the absorber throueh the relief 
pipe to a surge tank, lowering the pressure in the absorber while containing the re¬ 
leased gas. 

Step 2. The chlorine that will eventually be fed to the absorber is stored in a tank as a liquid 
under pressure at 22°C. Liquid is pumped from this tank through a chlorine flow con¬ 
trol valve to a chlorine vaporizer, a tall tank about half of which is filled with chlorine 
liquid and the other half with chlorine vapor. The liquid and vapor are in equilibrium 
at 5°C. Saturated steam at 2 bar absolute is fed through a steam flow control valve into 
a coil submerged in the liquid that is in the vaporizer, and the heat transferred through 
the coil wall vaporizes chlorine. Chlorine vapor flows from the top of the vaporizer? 

The pressure and liquid level in the chlorine vaporizer are controlled automati¬ 
cally. As vapor flows out the top, the pressure in the tank begins to decrease. A pressure 
sensor detects the drop and sends a signal to the steam flow control valve. The valve 
opens and feeds more steam to the coil, causing more liquid chlorine to evaporate and 
raising the pressure back to the desired value. As the liquid evaporates, the liquid level 
in the tank begins to drop. A liquid level sensor detects the drop and sends a signal 
to the liquid chlorine flow control valve. The valve opens, and more liquid enters the 
tank to replace the liquid that evaporated, raising the liquid level back to the set-point 
(desired) value. 

Step 3. The chlorine vapor leaving the vaporizer passes through an adiabatic expansion valve, 
then through a chlorine vapor heat exchanger. In the exchanger, the vapor comes in 
thermal contact with a hot flue gas from a furnace to be described in Step 15. The heat 
transferred from the flue gas is used to raise the temperature of the chlorine vapor to 
25 C. The heated vapor is the chlorine feed to the absorber mentioned in Step I 

Step 4. The chlorine enters the absorber through a pipe in the bottom that ends in a sparger 
(something like a showerhead nozzle) located close to the impeller. The chlorine 
comes out of the sparger in thousands of tiny bubbles, which are then dispersed by the 
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impeller throughout the slurry in the absorber. Chlorine is soluble in water and even 
more soluble in the PVC resin, and so dissolves in both the liquid and solid phases of 
the slurry. 

The feed rate of chlorine to the absorber is automatically controlled to maintain 
the absorber pressure at a specified value. If the pressure begins to fall, a pressure sen¬ 
sor detects the drop and sends a signal to the expansion valve described in Step 3. The 
valve opens, causing the flow rate of chlorine to increase and raising the absorber pres¬ 
sure back to the set-point value. If the pressure rises above the set point, the pressure 
sensor sends a signal that adjusts the control valve to decrease the flow rate of chlorine 
and the pressure comes back down to the set-point value. 

Step 5. The PVC resin slurry that leaves the chlorine absorber at 25°C is heated to 50°C in the 
reactor preheater. A very small amount of a chemical initiator is added to the heated 
slurry leaving the preheater. The amount of initiator added is small enough to be ne¬ 
glected in material balance calculations on the reactor. 

Step 6. The heated slurry flows to a chlorination reactor, which is a long jacketed pipe. In 
the reactor, the initiator—which is unstable at 50°C and higher—decomposes and be¬ 
gins the PVC chlorination chain reaction described in the introductory section. As 
the slurry moves through the reactor, dissolved chlorine in the resin particles reacts 
with the polymer, producing hydrogen chloride as a by-product. The HC1—which is 
essentially insoluble in PVC and CPVC—diffuses out of the particles and into the liq¬ 
uid phase, forming hydrochloric acid (by definition an aqueous solution of hydrogen 
chloride), and the chlorine that had been dissolved in the liquid phase diffuses into 
the particles and reacts. All of the chlorine fed to the reactor is eventually consumed. 
The exit stream from the reactor is a slurry of CPVC particles containing 67-68 wt% 
chlorine suspended in aqueous hydrochloric acid. 

The chlorination reaction is highly exothermic. Some of the heat of reaction raises 
the slurry temperature to its exit value of 65°C, and cooling water flowing through 
the reactor jacket removes the additional heat generated. (If the reactor temperature 
were to rise above 65°C, the rate of the chlorination reaction would become extremely 
high, chlorine dissolved in the liquid phase would all react near the outer surface of the 
particles rather than diffusing through the pores, and the quality of the final product 
would suffer.) 

Step 7. The CPVC slurry flows to the reactor centrifuge, a spinning horizontal drum. The solids 
are forced against the circular drum wall and are compressed there. Liquid hydrochlo¬ 
ric acid (waste liquor) collects in the drum and overflows through an opening at one 
end, and the wetcake retained on the wall, which contains 90 wt% CPVC resin and 
10% hydrochloric acid, is scraped out by a large interior screw conveyor. 

Step 8. The waste liquor from the reactor centrifuge flows to a waste liquor neutralizer, where 
the HC1 is neutralized with a caustic soda (sodium hydroxide) solution: 

HCl(aq) + NaOH(aq) - NaCl(aq) + H 2 0(i) 

A stream of C0 2 produced in the resin neutralizer (Step 10) also enters the neutralizer 
liquid through a sparger and reacts with sodium hydroxide: 

C0 2 (g) + 2 NaOH(aq) - Na 2 C0 3 (aq) + H 2 0(1) 

The caustic solution fed to the neutralizer, which comes from the NaOH feed drum 
(Step 9), contains 10 wt% NaOH and also some dissolved NaCl and Na 2 C 03 . 

Step 9. The solution of sodium chloride and sodium carbonate leaving the waste liquor neu¬ 
tralizer is combined with the waste liquor from the product centrifuge (Step 12). The 
combined solution is split into two streams. One goes to a waste treatment facility, and 
the other goes to the NaOH makeup tank, an agitated jacketed batch vessel. Solid 
pellets of sodium hydroxide are added to this tank to bring the NaOH concentration 
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in the solution up to 10.0 wt%. Cooling water is circulated through the makeup tank 
jacket to remove the considerable heat generated by the dissolution of NaOH. Batches 
of solution are pumped from the NaOH makeup tank to the NaOH feed drum (a hold¬ 
ing tank), and solution is pumped from the feed drum to the waste liquor neutralizer 
(Step 8). The feed drum always contains enough inventory to provide a continuous 
feed to the neutralizer. 

Step 10. The wetcake produced in the reactor centrifuge is conveyed to a resin neutralizer an¬ 
other large, jacketed, agitated vessel, where the HC1 in the resin is neutralized with 
sodium bicarbonate in the reaction 

HCl(aq) + NaHCOj(aq) — NaCl(aq) + C0 2 (g) + H 2 0(1) 

(Sodium bicarbonate, a weak base, is used because a strong base like sodium hydrox¬ 
ide can damage the resin.) A 10.0 wt% aqueous NaHC0 3 solution at 21‘C pumped 
from the NaHC0 3 feed drum (Step 11) is augmented by a clean water stream at 60°C 
and the combined stream is fed to the tank. Enough bicarbonate solution is fed to neu- 

tra l! Z i? tHe HC1 in the wetcake ’ and enou § h additional water is added to make a 15.0 
wt% CPVC slurry in the vessel. 

A pH controller monitors the neutralizer vessel contents and sends a signal to 
a flow control valve in the bicarbonate solution feed line if more or less solution is 
needed. The resin remains in the neutralizer long enough for even the HC1 trapped 
in the resin pores to be neutralized. The neutralizer exit stream is a slurry containing 
15.0 wt% CPVC in an aqueous sodium chloride solution at 90°C and pH = 7. 

Steam fed to the vessel jacket maintains the contents at 90°C. At this temperature, 
the reaction proceeds to completion and essentially all of the carbon dioxide formed 
in the reaction between HCI and NaHC0 3 is driven out of the aqueous phase. The 
CO? leaving the resin neutralizer is recycled to the waste liquor neutralizer (Step 8). 

Step 11. The sodium bicarbonate solution fed to the resin neutralizer (Step 10) is produced by 
dissolving NaHC0 3 powder from 25-kg bags in clean water in the NaHC0 3 makeup 
tank, an agitated batch vessel. This makeup tank is not jacketed like the NaOH 
makeup tank, as the heat of solution of sodium bicarbonate is low enough for the 
heat generated in the tank to be neglected. Batches of solution are pumped from the 
makeup tank to the NaHC0 3 feed drum, and solution is pumped continuously from 
the feed drum to the resin neutralizer. 

Step 12. The slurry leaving the resin neutralizer goes to the product centrifuge. The dilute NaCl 
solution wrung from the resin in the centrifuge is cooled to 25°C in a heat exchanger. 
The cooled solution combines with the effluent stream from the waste liquor neutral¬ 
izer (Step 8). 

Step 13. The wetcake from the product centrifuge, which contains 90 wt% CPVC, is conveyed 
to a rotary dryer. This unit functions like a clothes dryer. The resin is tumbled down an 
inclined, rotating drum with hot air flowing through the drum in the opposite direction. 
Heat transferred from the air vaporizes most of the remaining water in the resin. The 
CPVC product resin emerges from the dryer at 120°C containing roughly 0.1 wt% 
moisture. 

Step 14. The humid air leaving the rotary dryer at 110°C, 1.3 atm, and 20% relative humidity 
is split into two streams. Ten percent of the air is vented to the atmosphere, and the 
other 90% is combined with makeup dryer air, heated in the indirect contact furnace 
described in the next step, and fed back to the rotary dryer (Step 13). 

Step 15. In the indirect contact furnace, natural gas containing 92.5 mole% methane, 4.8 mole% 
ethane^ and the remainder propane is burned completely with excess air (combustion 
air). The dryer air feed stream (the combination of makeup dryer air and humid air 
recycled from the dryer outlet) passes through metal channels within the furnace com¬ 
bustion zone and then out of the furnace to the rotary dryer air inlet. Hie hot gases in 
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the furnace combustion zone heat the metal channel walls, and the walls in turn heat 
the dryer air. 

Step 16. The combustion products leave the furnace at 250°C and flow through the chlorine 
vapor heat exchanger (this stream is the flue gas referred to in Step 3) and then to a 
flare, where any carbon monoxide and residual hydrocarbons in the gas are burned 
and the products released to the atmosphere. The flare is a safety precaution: if the 
furnace operates as intended, the CO and hydrocarbon content of the flue gas should 
be negligible. 


PROBLEMS* 12.1. On an oversized page, draw a flowchart for this process. Label each stream with an identifying symbol 
(e,g., SI, S2, S3,...) and known information about what the stream is and/or what it contains [e.g., 
slurry, 10 wt% PVC in water; wetcake, 90 wt% CPVC, 10 wt %HCl(aq); 10 wt% NaHC0 3 (aq)]. 
12.2. On a second page (which you may find convenient to generate with a spreadsheet program), prepare 
a table to accompany the flowchart. The column headings should be the stream identifiers from the 
flowchart (SI, S2, S3, or whatever system you used). The row labels should be as follows: T(°C), 
P(atm), PVC(kg/h), CPVC(kg/h), H 2 0(kg/h), Cl 2 (kg/h), HCl(kg/h), NaOH(kg/h), NaHC0 3 (kg/h), 
NaCl(kg/h), Na 2 C0 3 (kg/h), CH 4 (kg/h), QH^kg/h), C 3 H g (kg/h), 0 2 (kg/h), N 2 (kg/h), C0 2 (kg/h), 
TOTAL(kg/h), 

Begin by filling in all known quantities in the appropriate location in the table, and put dashes 
(—) in every cell of a stream column corresponding to species not present in that stream. There¬ 
after, whenever you determine the temperature, pressure, flow rate, and/or composition of a process 
stream, calculate and enter the corresponding values in the table. When you have worked through 
the entire case study, every cell should contain either a dash or a number. When doing mass/mole 
conversions, use 35.45 as the atomic weight of chlorine. 

123. In a page or less, summarize the overall process. In your summary, answer the following questions: 

(a) What is the reaction that this process is designed to carry out? 

(b) What are the feeds to the process? 

(c) What is the condition of the final product? 

(d) What other streams leave the process, what do they contain, and what happens to them? 

(e) Why is the process carried out? (What is the point of chlorinating PVC?) 

12.4. Neglecting the end groups, calculate the mass fractions of carbon, hydrogen, and chlorine in PVC 
and in the “67% Cl” produced in this process. (The molecular structure of this product is shown in 
the section on PVC chlorination reaction chemistry.) 

12.5. The plant is to produce 3.5 x 10 6 kg/year of “67% Cl.” Assuming that the plant operates 300 days 
per year, 24 hours per day, calculate the required hourly feed rates (kg/h) of the 10 wt% PVC slurry 
and of Cl 2 (g) to the absorber and the production rate of hydrogen chloride (kg/h) in the chlorina¬ 
tion reactor. {Suggestion: Write balances around the system composed of the chlorine absorber and 
chlorination reactor.) 

12.6. Vapor pressure data for chlorine are given below. 


T(°C) 

-20.0 

-10.0 

0.0 

10.0 

20.0 
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| p*(atm) 

1.78 

2.59 

3.64 

4.99 

6.69 
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11.32 

17.95 

27.04 

39.06 


(a) Use these data and the Clausius-Clapeyron equation (Equation 6.1-3) to estimate the heat of 
vaporization of chlorine (kJ/mol) and to obtain an expression for p* Ch (T). 

(b) What is the operating pressure in the chlorine vaporizer (torr)? 

(c) At what rate (kW) must heat be added to the chlorine in the vaporizer? 


♦Problems 12.1-12.21 involve material from Chapters 2-6 of the text. Energy balance calculations (Chapters 
7-9) are required in Problems 12.22-12.29. 






Problems 585 


(d) What is the percentage difference between the calculated value of A// v and the one given in 
Table B.l? Why might the two values differ? (Think of several possible reasons.) 

12.7. Speculate on why chlorine is stored as a liquid rather than being purchased and stored as a gas at 
the absorber temperature (25°C), when storing it as a gas would eliminate the need for the chlorine 
vaporizer and possibly for the heat exchanger in the chlorine feed line. 

Problems 12.8-12.12 deal with the chlorine absorber, depicted in the following flowchart. 


Pcij(atm) 

- p H jo(atm) 
25°C, P(atm) 


moOcgth) 

0.10 kg PVC!s)/kg 

- 

Vapor 

m p (kg polymer/h) ] 
■ *p(kg Clj/kg) 


0.90 kg H 2 0<l)/kg ! 


a-jtpHkgPvc/kg) j 




m a {kg fiquid/h) 1 


wci,[kg CI 2 (g)/hJ 


. **<•« Clj/kgj 
a - -r a )[kg HjO(I)/kgj| 
„25°C, /'(atm) j 



The chlorine fed to the tank dissolves in both the liquid phase and the polymer phase. The slurry 
inside the tank is well mixed, so that its composition is the same as the composition of the exiting 
stream. The head space above the slurry contains chlorine vapor in equilibrium with the dissolved 
chlorine in both condensed phases and water vapor in equilibrium with the liquid water in the aque¬ 
ous phase. The condition inside the absorber is shown schematically in the following diagram: 


Head space 

pet, (atm), pH 2 o(atm) 

25°C, P (atm) 

Polymerphase(solid): \ ... 

Aqueous phase(liquid) 

x p (kg CI 2 /kg polymer) 

* a (kg 0 2 /kg liquid) 

(1 - x p )(kg PVC/kg polymer) 

(l~x a )[kgH 2 0(l)/kg liquid] 

25°C.' - 

25°C 


The following physical property data pertain to this system: 

• The solubilities of CI 2 in PVC and in water are correlated by a form of Henry’s law: 

x p (kg Cl 2 /kg PVC phase) = a p pa 2 , * a (kg Cl 2 /kg aqueous phase) = a a pcu 

where p c i 2 is the partial pressure of chlorine in the head space. The coefficients a p and a a depend 
on the system temperature. 

• The solubility data shown below have been obtained for chlorine in PVC at 25°C: 


Pci, (atm) 

0.75 

1.18 

1.23 

2.95 

3.03 

3.87 

4.82 

wt% Cl 2 

2.9% 

4.6% 

5.1% 

11.9% 

12.3% 

15.4% 

19.8% 


• At 25°C, chlorine gas is 2.68 times more soluble in PVC than in water for any chlorine partial 
pressure. 

• Raoult’s law provides a good correlation of the equilibrium between liquid water and water vapor 
in the system. 

12.8. Use the given data to calculate the modified Henry’s law coefficients, a p and a„ for chlorine in PVC 
and in water at 25°C. When determining a p , plot the solubility data to make sure that the Henry’s 
law correlation is valid, and use the method of least squares to force a fit through the origin to obtain 
the slope of the plot. (See Appendix A.l.) 
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12.9. The flowchart for the absorber involves seven unknown variables (mo and m C \ 2 having been deter¬ 
mined in Problem 12.5). Write the seven equations you would use to calculate those variables, noting 
that the amounts of chlorine and water in the head space are constant and so do not enter into steady- 
state material balances. Then solve the equations. (Note: Trial-and-error will be required as part of 
the solution. An equation-solving program or spreadsheet is a convenient tool for performing the 
required calculations.) 

12.10. Starting with the mole fraction of dissolved chlorine in the aqueous phase calculated in Problem 12.9 
(,r a ), use Raoult’s law to estimate the partial pressure of chlorine in the gas phase. What percentage 
error results from this estimation, presuming that the value of pci 2 from Problem 12.9 is correct. 
Why is such a large error not surprising? 

12.11. The slurry occupies 70% of the total tank volume and the head space occupies the remaining 30%. 
The mean residence time of the siurry in the tank (which equals the volume of the slurry in the 
tank divided by the volumetric flow rate of the stream leaving the tank) is 12 minutes. Use this 
information, the quantities calculated in Problem 12.9, and the specific volume data given below to 
estimate the volume (m 3 ) of slurry in the tank, the head space volume, and the total tank volume. 

Specific volume of PVC - 0.709 L/kg 

Specific volume of liquid water = 1.00 L/kg 

Specific volume of dissolved chlorine (in either PVC or water) = 0.690 L/(kg dissolved) 

12.12. Calculate the total mass of chlorine (kg) in the chlorine absorber tank, assuming ideal gas behavior 
in the head space. (Suggestion: Take as a basis of calculation a specified mass of slurry, calculate 
the volume your basis amount would occupy and the mass of chlorine it would contain, and scale the 
results to the actual volume of the siurry in the tank calculated in Problem 12.11. Then calculate the 
mass of chlorine in the head space.) 

12.13. List the reaction and mass transfer processes occurring in the chlorination reactor. (What reacts and 
what is formed? Which species diffuse into and out of the resin particles?) 

12.14. The length of the reactor is an important design parameter. What would be the drawbacks of making 
the reactor (i) too short, and (ii) too long? 

12.15. Hydrogen chloride is highly soluble in water and essentially insoluble in CPVC. Estimate the pH 
of the aqueous phase (hydrochloric acid) leaving the reactor, taking the density of this phase to be 
1.005 g/cm 3 and assuming that the HC1 dissociates completely into H + and CL. 

12.16. Recalling that the reactor centrifuge separates the slurry leaving the reactor into a wetcake that 
contains 90 wt% CPVC and a waste liquor stream of hydrochloric acid, calculate the mass flow rate 
of the wetcake and the mass flow rate and composition (component mass fractions) of the waste 
liquor. 

12.17. The wetcake leaving the reactor centrifuge is conveyed to the resin neutralizer, a jacketed reactor 
in which the hydrochloric acid is neutralized with a weak base, sodium bicarbonate: 

HCl(aq) + NaHC0 3 (aq) - NaCl(aq) + C0 2 (g) + H 2 0(1) 

The wetcake enters the neutralizer at 60°C. A stream consisting of a 10.0 wt% aqueous NaHC0 3 
solution at 21°C coming from the NaHC0 3 feed drum is diluted with water at 60°C, and the combined 
stream is fed to the resin neutralizer. The product slurry leaving the neutralizer contains 15.0 wt% 
CPVC and has a pH of 7.0. Steam circulated through the neutralizer jacket keeps the contents at 
90°C. Carbon dioxide is essentially insoluble in aqueous sodium chloride at this temperature, so 
that all of the C0 2 formed in the reaction may be assumed to be released from the neutralizer as a 
gas. Calculate the mass flow rates of the 10 wt% bicarbonate solution and the dilution water fed to 
the neutralizer, the mass flow rates of the CPVC slurry and the carbon dioxide stream leaving the 
neutralizer, and the mass fraction of NaCl in the product slurry liquid. (Reminder: When writing a 
balance on water, don’t forget the water generated in the reaction.) 

12.18. CPVC is degraded by both strong acids and strong bases at elevated temperatures; acids corrode 
process units unless very expensive corrosion-resistant construction materials are used; and aqueous 
slurries with high solids content are difficult to pump. Use these facts to explain why the wetcake 
from the centrifuge is not sent directly to the dryer instead of going through the resin neutralizer, 
why sodium bicarbonate is used to achieve the neutralization, and why additional water is fed to the 
neutralizer. 
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L2.19. The 10% sodium bicarbonate solution is made in the plant by adding two 50-lb m ba*s of NaHrn 
powder to a batch dissolving tank filled to roughly 80% of its capacity From the SissoW ne ^ the 

“ “ '° n ,S S6nt t0 a ^ eed drum from which solution is pumped continuously to the resin neutralizer 
s an operator four hours to make a batch of solution, pump the solution to the feed drum and 
„n» the taolvtng tank to prepare i, for ,he next batch. The feei drum can hold a 2 Sv Ziv of 
solut on. The addition of each new batch of solution brings the feed drum contents up to a 2-dav ijs 
hour) supply, so that the plant can continue to run for at least 40 hours if the bicarbonate noJder 
inventory runs low or the dissolver is shut down for maintenance. (Note: The specific grarin- of a 
10 wt ,q sodium bicarbonate solution is 1.08.) ' 9 J • °- 

( a) Calculate the feed drum volume (liters), the volume of solution made in each batch (liters) and 

the probable volume of the dissolving tank (liters). Miters>. ana 

(b) What is the minimum dissolving tank volume needed to meet the requirements of the Droee« 
assuming that roughly four hours would be required to prepare a batch of anv slf aLd the^nk 
is always filled to 80% of its capacity? What are the benefits of using a larger tank" 

(c) Suppose the dissolver agitator breaks down just after an operator finishes'" transferrin* a batch 
of solution to the feed drum and it takes 32 hours to repair the agitator. How quicklv can ihe 

rlZireS 2 T" SUPPly ° f S ° iutl ° n in the feed drum once agitator has been 

been usedf ^ * appe " ed if the minimum tank volume calculated"in pan (b) had 

(d) The feed drum is outdoors. Neglecting dissociation of NaHC0 3 in solution, estimate the outside 
temperature ( C) at which freezing of the tank contents would become a concern. (Use Equation 

sfli wo^lof Tf temperatUre W f ° uld be a conse rvative estimate, since dissociation of the 
salt would lower the freezing point of water even more. 

12.20. The slurry exiting the resin neutralizer, which contains 15.0 wt% CP VC in an aqueous NaCI solution 
CPVcInJTnt/" .T * centrifuge. Tie wetcake leaving the centrifuge contains 90.0 wt% 

/o S ° ,Utlon and Jhe effluent liquor contains the remainder of the entering solution 
Calculate the mass flow rates (kg/h) of both streams leaving the centrifuge. 

mi. In thewaste liquor neutralizer, both the hydrochloric acid separated from the wetcake in the reactor 
centrifuge and the COj gnerated in the resin neutralizer are neutralized with an aqueous soludon 
containing 10 wt /o NaOH and also some dissolved NaCI and Na 2 C0 3 . 

HCl(aq) + NaOH(aq) — NaCl(aq) + H 2 0 
C0 2 + 2 NaOH — Na 2 C0 3 + H 2 0 

Tie exit stream from the neutralizer joins with the effluent liquor from the product centrifuge Most 
of the combined stream ts fed to a waste treatment facility, but a portion of it is fed to the' NaOH 

NaOHriilkadld! t ta } TT* m0reCaUStiCfeedSolutionforthe neutralizer.Enough 

c U U ; i dd d °, he ™ akeu P tank to bnn 8 the solution concentration back up to 10 wt% NaOH 
Each batch prepared m this manner contains enough solution to supply the waste liquor neutralizer 
for eight hours of operation (one shift). When the NaOH pellets have completely dissolved and a 

fe 3 "I t 1 " ! hS tank 6X11 lme ,S ° pened and the batch is fed b Y sravin.^ to the NaOH 

feed drum, from which solution is pumped continuously to the waste liquor neutralizer. 

(a) Draw and label a flowchart for this part of the process. 

(b) Speculate on the reason that the HC1 must be neutralized 

<C> Fh a , l ™ a, , e ‘ “e (kg»0 ««<l composition (component mass fractions, of 

he causdc solut,on fed ,0 the neutralizer, the mass How rate and composition of the soludon 

tdt r2,?n* ' r ,5^"? °' ‘ he “ mbiMd salt solu,io " s “' ,0 makeup tank. 

<d> C j,.' h£ ma f 0 , S0K Na0H , kg) requited pet batch of solution prepared m the tank. 

Lenil^T.h , SPeCifiC graVi ‘ y ° f the Mitin * “»»*>” ^ Ml and a batch 

occupies 60% of the total tank volume. 

(e) Determine the metric tons of NaCI and Na 2 CO, that must be processed each rear in the waste 
treatment facility. (Recall that the plant operates 300 days per year.) 

U.22. Liquid chlorine a, 2TC is pumped continuously to the chlorine vaporizer. The vaporization process 

SS T I'””' ‘° dr °' > ' T,ke ,ha h =» of vaporization of chlorine to be 

290 kj/kg and the heat capacity of chlorine vapor to be 0 48 kJ/(kg*°C) 

(.) The heat requited to keep the exiting chlorine temperature at 5*C is supplied bv saturated 
steam at 2 bar (absolute) condensmg a coil submerged in the liquid chlorine in the tank. The 
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condensate emerges at the saturation temperature of the steam. Calculate the required rate of 
steam condensation. 

(b) If the vaporization process were adiabatic, what would be the temperature of the exiting chlo¬ 
rine vapor? ( Suggestion: Take a basis of 1 kg of chlorine liquid at 22°C, calculate the enthalpy 
gain when chlorine vaporizes at that temperature, and equate it to the enthalpy loss when the 
vapor cools from 22°C to the adiabatic vaporization temperature.) Is the result physically pos¬ 
sible? 

12.23. The chlorine vapor leaving the vaporizer passes through an adiabatic expansion valve in which its 
pressure drops bv 640 mm Hg and its temperature drops to 3°C. It then goes through a heat ex¬ 
changer in which its temperature is raised to 25°C, and from there it proceeds to the chlorine ab¬ 
sorber. Calculate the rate (kj/h) at which heat must be transferred to the chlorine vapor in the heat 
exchanger, using the approximate heat capacity given in Problem 12.22. 

12.24. The stream leaving the chlorine absorber must be heated from 25°C to 50°C before it enters the 
chlorination reactor. The heat capacity of PVC is 1.2 kJ/(kg-°C) and the heat capacity of dissolved 
chlorine (in either PVC or water) is 0.96 kJ/(kg-°C). At what rate (kj/h) must heat be transferred to 
the slurry in the reactor preheater? 

12.25. In the chlorination reactor, the feed slurry enters at 50°C and the products leave at 65°C. Most of the 
heat generated by the reaction is transferred to cooling water flowing through a jacket surrounding 
the reactor. The cooling water enters at 15°C and leaves at 45°C. 

(a) What becomes of the heat generated by the reaction that is not transferred to the cooling water? 

(b) Using data given below and neglecting heat of solution effects, estimate the heat transferred to 
the cooling water (kJ/h) and the required flow rate (kg/h) of the cooling water. 

Data 

Heat of reaction at 50°C = -1770 kJ/(kg CI 2 consumed) 

Heat capacity of CP VC = 1.9 kJ/(kg-°C) 

Average heat capacity of hydrochloric acid = 4.0 kJ/(kg-°C) 

(c) Estimate the temperature to which the product stream could rise if the cooling water flow were 
interrupted (i.e., if the reactor operation were to become adiabatic). List several serious prob¬ 
lems that could result if this situation arises. 

12.26. Batches of caustic solution for the waste liquor neutralizer are prepared by filling the NaOH makeup 
tank with the required amount of mixed salt solution at 25°C, then adding the required mass of 
NaOH pellets, also at 25°C (see Problem 12.21), and immediately starting an agitator to aid the 
dissolution process. When solid NaOH dissolves in water, a great deal of thermal energy is released. 
To keep the batch from getting too hot, cooling water initially at 15°C is pumped through the jacket 
surrounding the makeup tank. The dissolution is complete after four hours. The flow of coolant is 
continued after that point until the tank contents are brought back down to 25°C, whereupon the 
cooling water flow and the tank agitator are turned off and the batch is dumped to the NaOH feed 
drum. 

An integral energy balance on the tank contents from t — 0 to an arbitrary time t has the form 
Qt - W % i = /VWoh A// s ° + M soln C p (T - 25) 

where 

<2(kJ/h) = rate of heat transfer from the tank jacket to the tank 
- Ws(kJ/h) = shaft work, rate of addition of energy to the tank contents 
by the agitator 

lV NaOH (mol NaOH) — g-mole of sodium hydroxide dissolved in the batch at time t 
A/7°(kJ/mol NaOH) = heat of solution of sodium hydroxide at 25°C, obtainable 
from Table B.11. 

^soin(kg) = total mass of the tank contents at time t 
Cp[kJ/(kg-°C)] = heat capacity of the solution. Assume independent of temperature. 
T(°C) = solution temperature at time t. 

(a) Heat is transferred from the tank to the coolant at an average rate of 2.5 x 10 5 kJ/h during the 
production of a batch of solution. The agitator has a maximum power rating of 20 kW. At the 
agitation rate used in the mixing process, about 65% of the rated power is actually drawn, of 
which 80% is transferred as shaft power to the tank contents and the remaining 20% is lost 
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as wasted heat to the surroundings. Use this information to calculate the values of 0(kJ/h) and 
WMkJ/h) in the given energy balance equation. (Make sure the values have the correct signs) 

(b) Calculate the temperature in the reactor at the moment the NaOH has completely dissolved 
(/ - 4 h). Use heat of solution data from Table B.ll in your calculation and take the average 
heat capacity of the tank contents to be 3.8 kJ/(kg-°C). 

(c) How long must the cooling be continued after dissolution is complete to bring the solution tem¬ 
perature down to 25°C? (Remember that the agitator is turned off during this phase of the 
operation.) What is the total time required to produce a batch from the moment the sodium 
hydroxide peileis are added? 

(d) Starting with the first law of thermodynamics for a closed system operating at constant pressure 
[g(kJ) - W s (kJ) = A/f(kJ), where ~W t is the total shaft work added to the system] derive the 
given energy balance equation by defining a suitable process path for the determination of AH. 

12.27. The CPVC wetcake leaves the product centrifuge at 80°C and 1 atm and is fed to the elevated end 
of a rotary dryer (a rotating cylinder inclined about 35° from horizontal). A fresh air stream at 27°C 
1 atm, and 60% relative humidity is mixed adiabatically with an air stream recycled from the dryer 
exhaust, and the combined stream is heated in an air furnace and fed to the lower end of the drver 
Water evaporates from the wetcake moving downward in the rotating drum into the hot air moving in 
the opposite direction. The exhaust air leaves the dryer at 110°C, 1.3 atm, and 20% relative humiditv 
The dryer operates adiabatically. Ninety percent of the exhaust air is recycled, and the rest is vented 
to the atmosphere. The dried polymer resin leaves the dryer at 120°C containing 0.1 wt% water. 

(a) In your own words, explain the purpose of this portion of the process. Your explanation should 
include statements about why the dryer must be tilted, why the air temperature drops as the air 
moves through the dryer, and why the preheater (air furnace) is necessary. 

(b) Draw and fully label a flowchart of this portion of the process, substituting known variable values 
from previous calculations and including the required rate of heat transfer to the air in the 
preheater in the labeling. Use molar flow rates and mole fractions when labeling gas streams. 

(c) Carry out the process degree-of-freedom analysis to verify that enough information is available 
to determine all unknown stream flow rates and component mole fractions (air) and mass frac¬ 
tions (wet resin), the temperature of the air entering the dryer, and the heat transferred to the 
air m the furnace. Write, in order, the equations you would solve to determine the unknown 
variables, circling in each equation the variable for which you would solve. Use as references 
for enthalpy calculations solid CPVC at 80°C, liquid water at 0°C, and dry air at 110°C (all at 
1 atm), neglect the contribution of sodium chloride to the energy balance, use the steam tables 
to determine vapor pressures and the heat of vaporization of water, and use the following heat 
capacities: CPVC(s), 1.88 kJ/(kg- a C); dry air, 29.2 kJ/(kmoI-°C); H,0(1), 4.2 kJ/ (kg-°C); H,0(v), 

34.0 kJ/(kmoi-°C). Do not perform the calculations in this part. 

(d) Solve the equations of part (c) for the unknown stream flow rates, component fractions and 
temperature of the air entering the dryer, and rate of heat transfer to the air in the furnace (kW). 

12.28. In the dryer air furnace, a natural gas containing 92.5 mole% methane, 4.8% ethane, and the re¬ 
mainder propane is burned with 20% excess air. The fuel enters the furnace at 25°C and the air 
enters at 27°C, 1 atm, and 60% relative humidity. Essentially all of the fuel is consumed, and the flue 
gas contains a negligible amount of carbon monoxide. Heat is transferred from the hot combustion 
products through the furnace wall to the dryer air. The combustion products leave the furnace at 
250°C. Calculate the fuel feed rate (kg/h) required to achieve the heating rate calculated in Problem 
12.27(d). (, Suggestion: Assume a fuel feed of 100 mol/s, calculate the energy transfer corresponding 
to this basis of calculation, and then scale the results to determine the actual fuel feed rate.) 

12.29. After several years of research, the company has developed a new grade of CPVC that contains 
/0.0 wt% chlorine. The high softening temperature and nonflammability of the new material make 
it suitable for computer cabinets and other potentially profitable products. Plant engineering has 
determined that the plant can make both the old and the new grades of CPVC, converting the same 
total amount of PVC per year. The problem is to determine whether or not the production of the 
70% Cl grade can be justified economically, and if it can, the fraction of the operating year that 
should be dedicated to producing each grade. 

PVC currently costs $0.70/kg and chlorine costs $0.15/kg. The 67% Cl CPVC sells for $2.50/kg 
and 70% Cl CPVC can be sold for $2.90/kg. The manufacturing costs of the two products (which 
include costs for equipment maintenance and replacement, personnel, utilities, and marketing but 
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do not include the costs of PVC and chlorine) are given by the following functions: 

C«($/kg 67% C1CPVC) = 1.80 - (6.0 x 10" 8 )M 67 

C 70 ($/kg70% Cl CPVC) = 1.85 - (5.0 X 10" 8 )M 70 + (4.0 X 10" l4 )(M 70 ) z 

where M 67 (kg) and M?o(kg) are the masses of each product produced. The second term of each func¬ 
tion accounts for the fact that some manufacturing costs (like salaries) are relatively independent of 
how much product is produced, and so the cost per kilogram of product (C) decreases as the amount 
of product produced (M) increases. The third term of the second function is a penalty for producing 
too much of the new product, reflecting costs of additional advertising, sales staff retraining, and 
additional technical support. (These added costs are expected to disappear after about three years.) 

(a) PVC contains 38.4 wt% carbon and 56.8 wt% chlorine; 67% Cl CPVC contains 29.4 wt% carbon 
and 67.6 wt% chlorine; and 70.0 wt% Cl CPVC contains 27.4 wt% carbon and 70.0 wt% chlorine. 
Calculate the total chlorine consumption (kg/year) required to produce each grade of CPVC. 

(b) Let X equal the fraction of the 300-day year in which 67% Cl CPVC is produced and (1 - X) 
the fraction in which 70% Cl CPVC is produced. Derive an expression for the gross annual 
profit [ P(X) — sales revenue - raw material cost - manufacturing cost], assuming that ail CPVC 
produced can be sold. Then determine the optimal value of X (the value that maximizes P) and 
the corresponding percentage increase in P over the profit attained if only 67% Cl CPVC is 
produced, 

(c) There is another complication. If the plant produces the new material for more than 30% of the 
year, there will be insufficient 67% Cl polymer to sell to existing customers. Marketing could put 
all customers on reduced allocation (so that all customers get a fixed percentage of the quantity 
they have received in the past), but the company could risk losing the business of its biggest 
customers. Alternatively, the company could continue to supply its biggest customers and stop 
selling the 67% material to some small customers. Unfortunately, most of the small customers 
have optimized their processes to use this polymer, and the cost of adapting their processes to 
a different polymer may be high enough to drive them out of business. Discuss these and other 
options available to the company, make a recommendation, and explain your reasoning. 



Chapter 


Steam Reforming of Natural 
Gas and Subsequent 
Synthesis of Methanol 1 


The industrial capacity for worldwide production of methanol in 1994 was 2.42 X 10 7 metric 
tons per year, about 85% of which was used as a starting material in the production of other 
chemicals or as a solvent. Methanol is used as a raw material in the manufacture of formalde¬ 
hyde, acetic acid, methyl fcrf-butyl ether (MTBE), dimethyl terephthalate, methyl chloride 
methyl amines, and many other chemicals. It can also be used as a clean-burning fuel. 

Processes for manufacturing methanol have evolved over time and the history provides 
an informative perspective on the link between improving technology and the economics of 
the chemical business. 4 During the 1800s and early 1900s, methanol was produced primarily by 
the dry distillation of wood, and it is still sometimes referred to as “wood alcohol.” In 1913, 
BASF successfully synthesized methanol by reacting carbon monoxide and hydrogen over a 
zmc chromite catalyst at high temperatures and pressures (320°C to 450°C; 25 to 35 MPa) At 
that point, the industry shifted abruptly from wood-based to catalyst-based technologies using 
synthesis gas (i.e., a mixture of CO, C0 2 , and H 2 ) as feedstock. This revolution in process 
technology dramatically decreased the cost of producing methanol, and production volumes 
greatly increased. 

In 1966, ICI commercialized a methanol process using a much more active copper-zinc 
oxide catalyst. Although the activity of this catalyst is more sensitive to impurities (poisoning), 
the copper-zinc oxide-based technology uses more moderate temperatures and pressures (200° 
to 300 C; 5 to 10 MPa) than the zinc chromite technology, thereby significantly reducing man¬ 
ufacturing costs. Many producers now offer the copper-zinc oxide catalyst and that technology 
currently dominates the worldwide methanol industry. 


Prepared by Ronald W. Rousseau and Brian Keyes, Celanese Ltd., Corpus Christi, TX. 

2 Chemical Marketing Reporter, p. 3, Apr. 4,1994. 

> E Fiedter, G. Grossman, B Kersebohm, G. Weiss, and C. Witte, Methanol, in UUmann’s Encyclopedia of Indus¬ 
trial Chemistry, 5th Edition, Vol. A 16, Wiley-VCH, New York, 1990, p. 465. 

4R T Hawkins, R.X Kane, W E. Shnkard, and J. L. Trumbley, Methanol, in Encyclopedia of Chemical Processing 
and Design, 11 McKetta and W. A. Cunningham, Eds., Vol. 29, Marcel Dekker, New York, 1988, p. 418. 
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There are different types of adiabatic and nonadiabatic methanol synthesis reactors used in 
industry. Some are shell-and-tube reactors that are designed to remove heat from the reaction 
side (in the tubes) by boiling water on the shell side. Others use the shell side for reaction and 
the tube side for preheating the feeds. In the quench-style reactor, which is the focus of this 
chapter, the synthesis gas reacts in successive adiabatic catalyst beds. In each catalyst bed, the 
exothermic chemical reactions increase the temperature of the reactor gases by 40°C to 90°C. 
Between beds, fresh feed at a lower temperature is injected and blended with the hotter reactor 
gases. This form of direct-contact cooling is used to control the temperature in the reactor beds, 
thereby protecting the catalyst and limiting the formation of by-products. Regardless of the 
reactor style, single-pass conversions of CO and C0 2 are moderate (e.g., 30% to 70%). 

Commonly, methanol plants are very large. The rationale for this is based on a number 
of factors, including the decrease in capital costs per unit of product with an increase in the 
capacity of the plant (See, for example, R. H. Perry and D. Green, Perry’s Chemical Engineers’ 
Handbook, 7th Edition, McGraw-Hill, New York, 1997, pp. 9-63ff.). A modem methanol plant 
can produce 3 X 10 5 to 8 x 10 5 metric tons per year of specification-grade methanol (>99.85 
wt% methanol), and the synthesis gas from which methanol is generated can be produced from 
a variety of raw materials, including natural gas, petroleum residues, coal, and naphtha. Natural 
gas feedstock accounts for 70% of worldwide methanol capacity , 5 and it is the manufacture of 
methanol from natural gas feedstock that will be described here. 

PROCESS DESCRIPTION 

Incompletely labeled flowcharts for the overall process and simplified versions of the reformer, 
heat-recovery and compression, and converter loop units are given in Figures 13.1 through 13.4. 
Below we provide a process description that includes details that may be added to the process 
and/or unit flowcharts. 


Reformer 

A mixture of carbon monoxide, hydrogen, and carbon dioxide is produced by steam reform¬ 
ing, a process in which natural gas and steam are mixed and reacted in a reformer operated at 
1.6 MPa. Natural gas may be assumed to consist entirely of methane (CH 4 ), although other 
compounds may be present in small concentrations. In the present process, steam and natural 
gas are fed to the reformer in a ratio of 3.0 moles of steam per mole of methane. The reformer 
consists of an arrangement of vertical tubes filled with nickel-impregnated ceramic catalyst. 
Rows of these tubes are located inside an insulated firebox, where they are heated by the com¬ 
bustion of natural gas. 

The natural gas and steam that are blended to become the reformer feed enter the pro¬ 
cess at 30°C and 210°C, respectively. The mixture is preheated to 450°C by exhaust gas from 
the firebox, and it is introduced to the reformer through a header that distributes the mixture 
evenly among the parallel reformer tubes. Two key reactions occur: the steam-reforming reac¬ 
tion itself, 

CH 4 + H 2 0(g) ^ CO + 3 H 2 (13.1) 

and the water-gas shift reaction, 

CO + H 2 0 — C0 2 + H ; (13.2) 

The product gas leaves the reformer at 855°C and 1.6 MPa. 

Energy efficiency in steam reforming is improved by recovering heat from the burner 
exhaust gas, which leaves the firebox at 960°C. The exhaust gas is cooled in a series of 


S L. W. Wade, R. B. Gengelback, J. L. Trumbley, and W. L. Hallbauer, Methanol, in Kirk-Othmer Encyclopedia 
of Chemical Technology, 3rd Edition, Vol. 15, Wiley, New York, 1981, p. 398. 
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Figure 13.2 Detailed schematic diagram of reformer. 
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Figure 13 3 Flowchart for heat recovery and makeup gas compressor. 
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Figure 13.4 Flowchart for methanol synthesis reactor. 


heat-exchange operations that preheat the reformer feed streams to 450°C, produce super¬ 
heated steam at 4.8 MPa and 100°C superheat from boiler feedwater at 30°C, and preheat the 
combustion air to 300°C. The superheated steam is used to drive turbines elsewhere in the pro¬ 
cess or it can be exported, for example to generate electricity. The burner exhaust gas leaves 
the heat-recovery units and enters a stack at 150°C for release to the atmosphere. 


Heat Recovery and Compression 

The product gas leaving the reformer contains water that should be removed to reduce the 
amount of gas that must be compressed and to minimize the impact on subsequent conver¬ 
sion of CO to methanol. Heat is removed from the gas by generating superheated steam (at 
4.8 MPa, 1Q0°C superheat), cooling the gas to 15°C above the temperature of the generated 
steam. Then, three steps occur in recovering heat and, concomitantly, reducing the water con¬ 
tent: first, heat recovery for use elsewhere in the process; second, cooling by ambient air in 
an air cooler; and third, use of cooling water to reduce the temperature of the synthesis gas 
to 35°C. Condensed water is separated from the gas in each of these steps and collected in a 
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condensate drum. With much of the water now removed, the product can properly be referred 
to as synthesis gas. 

The makeup gas (MUG) compressor increases the pressure of the synthesis gas from 1 6 
MPa to 7.5 MPa in two stages so that it can be injected into the converter loop. Between com¬ 
pressor stages, cooling water is used to reduce the temperature of the gas to 100°C. and any 
condensate formed is removed. The compressed synthesis gas is introduced into the converter 
loop, where it is combined with recycle gas. 


Converter Loop 

The converter loop consists of a recycle compressor, whose primary purpose is to provide the 
pressure head required for the gas to flow through the system, the methanol synthesis reactor 
(MSR), heat exchangers, a methanol condenser, and a gas-liquid separator (flash drum). The 
mixture that is to become the feed to the MSR consists of recycle gas and fresh synthesis gas. 
After the recycle gas and fresh synthesis gas are blended, the mixture flows through the recy¬ 
cle compressor and then is heated to 130°C by a partially cooled product stream leaving the 
MSR. (The partial cooling will be described later.) The recycle compressor is sized to circulate 
the recycle stream at a rate that is 7.8 times the rate at which fresh synthesis gas is fed to the 
converter loop. The blended recycle-fresh feed mixture leaving the heat exchanger following 
the compressor is split into two streams: one, containing 30% of the mixture, is sent to another 
heat exchanger where its temperature is raised to 220°C by a fraction of the product stream 
from the MSR and injected into the first stage of the MSR; the remaining 70%, which is still at 
130°C, is injected at various locations along the MSR. 

The key reactions occurring in the MSR are 

CO + 2 H 2 ^ CH 3 OH(g) (13.3) 

C0 2 +3H 2 - CH 3 OH(g) + H 2 0(g) (13.4) 

co 2 + H 2 ^ CO + H 2 0(g) (13.5) 

Note that the reaction in Equation 13.5 is the reverse of the water-gas shift reaction in Equa¬ 
tion 13.2. 

The product gas leaving the MSR is partially cooled by being split into two streams, each 
of which passes through a heat exchanger before being recombined; one is used to heat the 
feed stream to the first stage of the MSR to 220°C, and the other passes through a waste-heat 
recovery unit. The recombined product stream is cooled further in an air-cooled exchanger 
before being brought to 35°C by cooling water. At 35°C, a liquid consisting of the condensed 
methanol and dissolved gases is separated from the gas stream in a flash drum and sent to a 
methanol purification unit. The uncondensed gases are split, with a portion being puraed from 
the system and the remainder forming the recycle gas that is blended with fresh synthesis gas 
to form the feed to the recycle compressor. 

After the condensed crude methanol is recovered in the high-pressure separator, it is sent 
to a methanol purification column. Typically, methanol purification requires two columns, one 
to remove the light ends (mainly by-products generated in the methanol synthesis reactor such 
as dimethyl ether and dissolved gases) and another to separate methanol and water and any 
other by-products with a lower volatility than methanol. Specification-grade methanol (greater 
than 99.85 wt% methanol) is recovered as the overhead product of the heavy ends column and 
sent to storage. 


Your company is considering the purchase of a plant that uses the previously described technology. 
The company from which the purchase may be made has indicated that the plant will produce 4.3 
X IIP metric tons per year of specification-grade methanol. The plant may be assumed to operate 
350 days per year. 


PROBLEMS 
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You have been asked to perform an analysis that will be a key part of determining the price that 
will be offered for the piant. The most important objectives in completing the assignment are: 

• To quantify flow rates and compositions of streams in the process. 

• To determine energy and raw materials requirements. 

The following problems have been formulated in strategy sessions by the team negotiating the pur¬ 
chase and should be helpful in completing your task. The ordering of the problems follows the pro¬ 
gression of the process (i.e., from reformer through to methanol separation and purification). As you 
structure your work efforts, you may find it possible to solve or at least set up solution procedures 
for problems late in the sequence while simultaneously developing skills required to solve earlier 
problems. 

13.1. The process objective can be described most simply as converting methane and water into methanol 
and hydrogen, and then purifying the methanol so that it meets specifications. The overall process 
stoichiometry is given by the following relationship: 

CH 4 + H 2 0 — CHjOH + H 2 

From this statement, estimate the feed rates of the natural gas (kmol/h, SCMH) and steam (kmol/h, 
kg/h) fed as reactants (as opposed to fuel) to the reformer. (Note: The requested estimate neglects 
formation of by-products and the carbon monoxide and carbon dioxide lost in the purge stream.) 

13.2. Five percent excess air is used in burning the reformer fuel; it is drawn into the system at 30°C and 
70% relative humidity. Estimate the average molecular weight of the air. Why does it differ from the 
value of 29 determined in Example 3.3-4 even though the ratio of nitrogen to oxygen is the same? 
Determine the flow rate of this stream (kmol, nr 3 ) per kmol of natural gas burned. 

13.3. What are the compositions (mole and mass fractions) and volumetric flow rates (m 3 /kmoi CH 4 fed 
to burners) of (a) the effluent gas from the reformer burners and (b) the gas entering the stack? 
What is the specific gravity, relative to ambient air (30°C, 1 atm, 70% rh), of the stack gas as it enters 
the stack? Why is this quantity of importance in designing the stack? Why might there be a lower 
limit on the temperature to which the gas can be cooled prior to introducing it to the stack? 

Use a methane feed rate to the reformer of1600 kmol/h as a basis for subsequent calculations. When 
all calculations have been completed, scale the results based on the required production rate of 
specification-grade methanol. 


13.4. 


The primary purpose of the reformer is to convert methane and water to carbon monoxide and 
hydrogen (Equation 13.1). The extent of this reaction is limited by chemical equilibrium . 6 


K B ,„ = 


_ > ?C0 ^H: p2 


V’CH 4 yH 2 0 


(13.6) 


where log l0 K Pm = + 13 . 192 7 (13.7) 

Subscript 13.1 refers to the steam-reforming reaction (Equation 13.1), y ; is the mole fraction of 
species i, P is the system pressure (atm), and T is the temperature (K). 

(a) If Equation 13.1 were the only reaction occurring in the reformer, estimate the composition of 
the product gas that would be leaving the reformer and the conversion of CH 4 , assuming the 
product stream has achieved chemical equilibrium at 855°C and 1.6 MPa. What would be the 
total flow rate of this stream (kmol/h, kg/h)? 

(b) It is specified that the molar ratio of steam to methane fed to the reformer is 3.0, whereas the 
stoichiometric ratio for the reforming reaction (Equation 13.1) is 1 mole of water per mole of 
methane. Estimate the conversion of methane for steam-to-methane feed ratios of 1:1 and 2:1, 
and compare these to the conversion in part a. Based on your results, explain in your own words 
why you think the ratio of 3 moles of steam per mole of methane was chosen for the process. 


'P. L. Morse, Hydrocarbon Processing, 52(1): 113,1973. 
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13.5. As pointed out in the Process Description, the water-gas shift reaction (Equation 13.2) occurs in 
the reformer along with the reforming reaction (Equation 13.1). It too is controlled by chemical 
equilibrium. 


Kpm 


yco : yH 2 

}'CO.VHbO 


(13.8) 


lo §io K Pm 


1197.8 

T(K) 


- 1.6485 


(13.9) 


where the nomenclature is analogous to that in the preceding problem. 

(a) Taking into account the occurrence of reactions given by both Equations 13.1 and 13.2. estimate 
the composition of the product gas leaving the reformer and the conversion of CH 4 , assuming 
the product stream leaving the reformer has achieved chemical equilibrium at 855°C and 
1.6 MPa. What is the total flow rate of this stream in both kmol/h and kg/h? What effect does 
the water-gas shift reaction have on the production of CO at the reformer conditions? 

(b) The ratio of CO to H 2 can be an important variable in efficient use of raw materials. In this case 
study a 3:1 steam-to-methane molar ratio of feed streams was specified. Determine how this 
feed ratio affects the ratio of CO to H 2 in the product from the reformer assuming the reaction 
products are in chemical equilibrium at 855°C and 1.6 MPa. 

13.6. Quantitatively demonstrate that high temperatures and low pressures favor the formation of CO 
and H 2 in the reformer. Do this by calculating and then plotting the production rates (kmol/kmol of 
CH 4 fed) of CO and H 2 in the reformer product stream over the temperature range 750°C to 950°C 
at 1.2,1.6, and 2.0 MPa. Furthermore, construct plots showing the effect of temperature and pressure 
on selectivity (defined as kmol CO formed per kmol CO : formed) over the same range of conditions. 
Assuming that your results support the hypothesis that high temperatures and low pressures favor 
the formation of CO and H?, speculate as to why the temperature and pressure are at the values 
specified in the Process Description (855°C and 1.6 MPa) rather than at a higher temperature and 
lower pressure. 

13.7. The reformer product gas leaves the reformer at 855°C. 

(a) Using the flow rate of the product gas determined in Problem 13.5, calculate the rate (kJ/h) 
at which heat must be transferred from the combustion gases to the gases flowing through the 
inside of the reformer tubes. 

(b) What is the required flow rate of natural gas (kmol/h and SCMM) to the reformer burners? 
Assume that the natural gas is burned to completion in the reformer firebox and that the com¬ 
bustion gases leave the firebox at 960°C. 

(c) The thermal efficiency of the firebox may be defined as the percentage of the lower heating value 
of the fuel transferred to the reformer gases. Estimate the lower heating value of methane and, 
assuming the combustion gases leave the firebox at 960°C, the corresponding thermal efficiency 
of the firebox. 


13.8. The heated tube length in the reformer is 10 m and the external diameter of the tubes is 10.5 cm. 
If the rate of heat transfer ( Q ) from the combustion gases in the firebox to the reformer gases were 
accomplished entirely by convection, 7 the following equation would apply: 

Q = U a A„ A7) m 


where U„ is an overall heat transfer coefficient based on the external surface area of the reformer 
tubes in the firebox, A a is the total external surface area of the tubes, and A T, m is an average dif¬ 
ference between temperatures of the heat source (combustion gases) and the heat sink (reformer 
reaction gases): 

AT , ~ ^) 

ln(A7VAr 2 ) 

where ATi and A73 are differences in temperature between the reformer gas and combustion gas 
at the inlet and at the outlet of the firebox. If the combustion gases are assumed to have a constant 


Convection is a heat transfer mechanism involving bulk movement of fluid at an elevated temperature to a 
region of lower temperature. 
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temperature in the firebox of 960°C (i.e., they are perfectly mixed), and U„ « 50 Btu/(°F-ft 2 h),* 
what is the required number of tubes in the firebox? In fact, a large fraction of the heat transferred 
to the tubes is accomplished by a mechanism other than convection. What is that mechanism? (Hint: 
Think of your experience in being dose to a flame associated with combustion of natural gas.) What 
will consideration of this additional mechanism mean in terms of the number of tubes required in 
the firebox? 

13.9. Operating data from the plant are available for a past period of operation. For that period, the plant 
operators determined the composition of the reformer product gas by sampling the product gas 
stream and analyzing it with a gas chromatograph. The overall flow rates of the methane and steam 
feed streams and of the product stream were determined from calibrated flow meters. Collected data 
show that the stream leaving the reformer was at 9Q0°C and 1.6 MPa. 

(a) Component flow rates shown in the table below were calculated from the measured composi¬ 
tions and flow rates. Assuming the temperature, pressure, flow rate, and composition measure¬ 
ments are accurate, has the product gas reached equilibrium? 

(b) If the calculations in part (a) are inconsistent with the product gas being at equilibrium, give at 
least two possible reasons and suggest steps by which your hypotheses can be tested. 


Component 

Inlet 

(kmoi/h) 

Outlet 

(kmol/h) 

Methane (CH 4 ) 

1600.0 

203.6 

Carbon dioxide (CO 2 ) 

0.0 

500.0 

Carbon monoxide (CO) 

0.0 

896.4 

Hydrogen (H?) 

0.0 

4689.2 

Water (H 2 0) 

4800.0 

2903.6 


13.10. The generation of steam from the heat produced in the reformer is essential for economic viability 

of this energy-intensive operation. 

(a) At what rate (kg/h) is superheated steam at 4.8 MPa and 100°C superheat generated by recov¬ 
ering heat from the reformer combustion gases? The superheated steam is formed from boiler 
feed water at 30°C and 4.8 MPa. 

(b) How much additional superheated steam (at 100°C superheat and 4.8 MPa) is produced by 
cooling the hot synthesis gas leaving the reformer? 

(c) The process specification states that the hot synthesis gas is to be cooled in the steam generator 
to 15°C above the temperature of the superheated steam in the waste-heat boiler. Provide both 
an advantage and a disadvantage to changing this specification so that the synthesis gas is cooled 
to within 5°C of the generated steam. 


13.11. Assume that CO, COt, H 2 , and CH 4 are insoluble in liquid water. 

(a) Determine the dew-point temperature of the product gas from the reformer at 1.6 MPa. 

(b) What is the composition of the gas stream after the reformer gas has been cooled and equili¬ 
brated at 1.6MPa and 35°C? At what rate (kg/h) has water been removed from the stream? 

(c) Suppose that one-third of the total water removal determined in part (b) occurs in each of the 
units (waste-heat recovery, air cooler, water cooler) preceding the makeup gas compressor. Es¬ 
timate the temperatures of the gas and liquid streams leaving each condensate recovery drum 
in this part of the process. At what rate is heat removed (kJ/h) in the waste-heat recovery, air¬ 
cooler, and water-cooler units? Speculate on why heat removal is done in stages; in other words, 
why not use either air or cooling water alone to reduce the temperature? 


13.12. Each compressor stage in the MUG compressor unit operates adiabatically. If ideal gas behavior is 
assumed, the temperature of the gas leaving each compressor stage (Tom) is given by the expression 



s We recognize that American engineering units have been introduced here, but many common references still 
present process parameters in such units. 
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where T oul and T, n are absolute temperatures, P ou , and P,„ are absolute pressures, and k is C„ C, = 
1.4. The ratio of outlet to inlet pressures is the same for each compressor stage. Determine if water 
condenses as the synthesis gas is cooled between stages of the makeup gas compressor. At what rate 
is heat removed between compressor stages? What is the composition (mole fractions) and flow rate 
(kmol/h and m 3 /min) of the synthesis gas as it enters the converter loop? 

13.13. For the purpose of analyzing the effects of recycle on process economics, consider a variation from 
the process flowchart that takes the synthesis gas leaving the MUG compressor directly to the MSR. 
Suppose that the synthesis gas fed to the MSR is 5 mole% methane. 25% CO, 5% CO;, and the 
remainder hydrogen, and that the product stream leaving the MSR is at 250°C and 7.5 MPa. Also, 
for the time being, ignore all reactions in the MSR except for that given by Equation 15.5. which is 
governed by the equilibrium relationship: 


where 


^ _ -VCHjOH 3J 

am ycoi'Hj P 2 


(13.10) 


/ 9143 6 

K aa3 = exp 121.225 + - 7.492 inf + 4.076 X 10~ 3 r - 7.161 x 10" S T : ) (13.11) 

T is temperature in K. P is pressure in atm, and K& ]}i is a term that accounts for deviations from 
ideal gas behavior. Assume = 1.0 and determine the composition of the product stream 
from the MSR and the conversions (%) of CO and H 2 . Based on these results, comment on the 
rationale for the recycle loop discussed in the process description. 

13.14. Again consider the modified system configuration described in the previous problem and estimate 
the effects of temperature and pressure on conversion. Do this by calculating CO and H conversions 
and methanol production for the following conditions: 


n°Q 

250 

250 

200 

300 : 

P(MPa) 

5 

10 

7.5 

7.5 j 


Describe qualitatively the effects of pressure and temperature on conversion, and suggest reasons 
for using the intermediate values of the process description. 

13.15. As covered in the Process Description, there are three primary reactions that occur in the MSR. 
These are given by Equations 13.3,13.4, and 13.5. However, determination of chemical equilibrium 
among the species H;, CO, CO 2 , H 2 O, and CH 3 OH involves only two of the three reactions because 
each reaction is a linear combination of the other two. Cheredniche nk o 9 gives an approximation for 
the equilibrium relationships in Equation 13.3 (see Problem 13.13) and in Equation 13.5: 

K am - exp ^13.148 - - 1.077 In T - 5.44 X 10~ 4 T + 1.125 x 10 " 7 ! 2 4- j (13.12) 

The equilibrium constant K aj}5 is defined by the relationship 


yco 2 >’H, 


4 * 0.5 


(13.13) 


where T is in kelvin and accounts for nonideal behavior of the gas phase. 

(a) As in Problems 13.13 and 13.14, suppose the synthesis gas leaving the MUG compressor is fed 
directly to the MSR and that the composition of this gas is 5 moie% methane, 25% CO. 5% CO;, 
and the remainder hydrogen. The product stream leaving the MSR is at 250°C and ~-i MPa and 
you may assume = A^ us = 1.0. Again determine the conversions of CO and H; with this 
process configuration, and use these results to justify utilization of the recycle loop. 


9 V. M. Cherednichenko. Dissertation, Karpova, Physico Chemical Institute, Moscow. U.S.S.R.. 1955. 
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(b) Show that removal of water from the reformer product gas minimizes the impact on conversion 
of CO to methanol by determining the effect on CO and H 2 conversions and selectivity as de¬ 
fined by moles CH 3 OH formed per mole of CO reacted if the given composition of MSR feed 
gas in part (a) is on a dry basis and the stream itself contained 5 mole% water. 

13.16. A situation often encountered with thermodynamic data is that different sources may present dif¬ 
ferent correlations for a given quantity. In this case study, for example, two different expressions 
are given for the equilibrium constant for the water-gas shift reaction. Equations 13.9 and 13.12. By 
what percentages do the conversions of CO and H 2 and production of methanol differ if, instead of 
using Equation 13.12 in Problem 13.15(a), Equation 13.9 is used. Provide at least two reasons for 
the variations in the two equations for the water-gas shift equilibrium constant. 

13.17. Values of and can deviate significantly from unity; typical values for K^ U} range from 
0.7 to 0.9 at a pressure of 7.5 MPa and typical MSR temperatures from 200°C to 320°C, while val¬ 
ues for K$ l}i range from 0.8 to 0.95. Estimates of may be obtained from an equation of state, 
but such calculations are beyond the scope of the present discussion. 10 Furthermore, computational 
alternatives often require a choice between simplified and more realistic, but complex, models. An 
instance that illustrates this situation is estimation of and 3S for use in determining reaction 
equilibrium constants. 

(a) What physical model is invoked if it is assumed that K# u 3 = K^ 35 = 1.0? 

(b) In the calculations of Problem 13.15, and K^ ni were taken to be 1.0. Determine the sig¬ 
nificance of the ideal gas assumptions by reestimating the conversions of CO and H 2 first with 
^,53 = 0.7 and ^ 13S = 1.0, then with = 1.0 and K^ 3S = 0.8, and finally with /Q, 133 = 0.7 
and K<t, {3 S = 0.8. 

(c) From the preceding parts of this problem, what would be your decision (and why?) regarding 
inclusion of methods to estimate A^ ll3 and K <t>Ui in the process analysis? 

13.18. You need to examine various ways of controlling the temperature in the MSR because the catalyst 

is sensitive to high temperatures and it has been reported that elevated temperatures lead to the 
production of unacceptable by-products. In the analysis, suppose that the feed gas to the MSR is 5 
mole% methane, 25% CO, 5% C0 2 , and the remainder hydrogen, and that the MSR operates at 7.5 
MPa. Take ^ 133 = = 1.0. 

(a) Determine the temperature of the stream leaving the MSR if no heat is removed from the re¬ 
actor (i.e., it is operated adiabatically), the CO conversion is 45%, the C0 2 conversion is 30%, 
and all of the feed enters the top of the MSR at 210°C and 7.5 MPa. 

(b) How much heat must be removed from the MSR in part (a) to ensure that the temperature does 
not exceed 250°C? Give your answer in kJ/kmol of feed. 

(c) Repeat the calculations in part (a) if 70% of the total feed to the MSR enters as quench streams 
(see the Process Description) at 130°C and 7.5 MPa, while the remainder enters the top of the 
converter at 210°C. Assume the exit pressure is 7.5 MPa. 

(d) Suppose that 70% of the feed to the MSR enters as quench streams at 130°C and 7.5 MPa, while 
the remainder of the feed enters at the top of the converter at 210°C. Determine the equilibrium 
conversions of CO and C0 2 if the MSR is to operate adiabatically. 

13.19. In terms of Le Chatelier’s Principle, explain why steam reforming is done at low pressures while 
methanol synthesis is performed at moderate to high pressures. Explain why reforming is done at 
high temperature and methanol synthesis is performed at low to moderate temperatures. 

13.20. Perform an analysis of the converter loop by determining the composition and flow rate of the purge 
stream using a basis of 100 kmol of feed from the MUG compressor. 

(a) Assume that the feed has a composition that is 3 mole% methane, 8% C0 2 ,15% CO, and the 
remainder hydrogen. 

(b) Revise the feed composition to that calculated in Problem 13.12. As given in the Process De¬ 
scription, the molar flow rate of material to the MSR is 7.8 times the flow rate of fresh feed. 

To simplify calculations, assume that the liquid leaving the flash drum contains no methane, 

CO 2 , CO, or hydrogen and that the gas contains no water or methanol. The single-pass conversions 


l0 T. Chang, R. W. Rousseau, and P. K. Kilpatrick, Industrial and Engineering Chemistry Process Design and 
Development, 25.477 (1986). 
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of CO and C0 2 are 15% and 10%, respectively. You may be assisted in your calculations by as¬ 
suming flow rates of components in the recycle stream mixed with fresh synthesis gas entering the 
converter loop. In this approach the recycle stream is known as a tear stream, and an iterative solu¬ 
tion will be required to determine the requested values. Such calculations are easily performed using 
a simulation program of the type described in Chapter 10, or you may write your own program or 
spreadsheet to obtain the desired results. If you develop a spreadsheet to perform the calculations, 
direct substitution of calculated values of component flow rates in the tear stream for new estimates 
may suffice. (This is the method of successive substitution described in Appendix A.2.) 

13.21. The purge stream may be used to replace a portion of the methane burned in the reformer. Assuming 
that the purge gas is at 35°C and that it is fed directly to the reformer burners with 5% excess air 
at 300°C, how much heat would be released per 100 kmol of purge gas? Estimate the savings ($ per 
kmol of purge gas) if the purge stream is used in place of natural gas for fuel. (Take $3 per million 
Btu as the approximate cost of natural gas.) 

13.22. How much heat must be removed to cool the reaction products from the MSR to 35°C? Express 
your answer in kJ/kmol of reaction products from the MSR. 

13.23. The liquid leaving the flash tank in the converter loop is fed to a distillation column in which 
specification-grade methanol is produced. The column is designed to recover 95% of the methanol 
in an overhead stream that is 99.85 wt% methanol. The remaining methanol and water leave the 
distillation column in a bottom stream. Estimate the flow rates of the overhead and bottom streams 
(kmol/h and kg/h) and the composition (mole fractions) of the bottom stream. 

13.24. Scale the results of your calculations in Problems 13.5(a); 13.7(a),(b); 13.10(a),(b); 13.20(b): 13.22: 
and 13.23 so that the quantities requested in each correspond to the specified production rate of 
methanol. 

Additional Problems and Issues 

13.25. Relax the assumptions regarding the split of components at the flash tank by incorporating the infor¬ 
mation below into your calculations. Using all other conditions given in Problem 13.20. reestimate 
the composition and flow rate of the purge stream. We have the following K values at the high- 
pressure separator (>>,/jc,): 


Component 

ch 4 

co 2 

CO 

h 2 

H 2 0 

CH;,OH 

K 

29.8 

5.12 

39.9 

86.3 

2.85 x 10“ 3 

6.80 x 10' 3 


13.26. The converter loop is a net generator of energy (why?) and proper utilization of that energy improves 
process economics. Assuming that the makeup gas is at 100°C and that the purge gas and crude 
methanol are at 35°C, what is the net rate of energy released from the converter loop in Problem 
13.20? As the recycle compressor only serves to move the recycle gas, you may neglect the work 
input from this unit. Assume ideal gas behavior. 
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The Use of Limestone Slurry 
Scrubbing to Remove Sulfur 
Dioxide from Power Plant 
Flue Gases 1 


Protection of the environment through the development of processes that have minimal ecolog¬ 
ical impact is one of the most important responsibilities facing chemical engineers. Moreover, 
it is often necessary to use chemical engineering principles to remedy existing environmen¬ 
tal problems. In this chapter, we examine a situation in which a coal-burning power plant is 
designed so that the impact on its surroundings is minimized. 

Coal is an abundant and practical source of energy, and it can be a source of raw materials 
used in chemical production. Coal occurs in various forms, 2 and the form used in a particular 
application often depends on its availability in the region of the application. Coai is predomi¬ 
nantly carbon. However, it also contains numerous other elements, including metals, nitrogen 
compounds, and sulfur, as well as hydrocarbon volatile matter that can be burned to produce 
heat, water, and carbon dioxide (CO 2 ). 

Coal is burned in many of the world’s power plants to generate electricity. Significant air 
pollution is produced if the stack gases from coal-fired furnaces are not treated before being 
released to the atmosphere. Untreated gases contain soot (fine unburned carbon particles), 
nitrogen oxides (NO x ), ash, and sulfur dioxide (SO 2 ). 

Sulfur dioxide emissions from coal-fired furnaces are regulated in the United States by 
the Environmental Protection Agency (EPA) and appropriate state and local agencies. Cur¬ 
rent EPA standards require that gases released to the atmosphere from new and some existing 
power plants (some existing plants are subject to a less rigorous standard) contain no more 
than 520 nanograms SO 2 per joule of higher heating value of the fuel fed to the furnace (1.2 
Ibm SCb/million Btu). In addition, these plants must remove at least 90% of the SO 2 released 


'Prepared by Ronald W. Rousseau and Jack Winnick, School of Chemical Engineering, Georgia Institute of 
Technology, Atlanta, GA; and Norman Kaplan, National Risk Management Research Laboratory, U.S. Envi¬ 
ronmental Protection Agency, Research Triangle Park, NC. 

2 R. H. Perry and D. W. Green, Eds., Perry’s Chemical Engineers’ Handbook, 7th Edition, McGraw-Hill, New 
York, 1997, pp. 27-4 to 27-6. 
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when burning the coal. 3 The emissions standard for some existing plants may be satisfied by 
burning low-sulfur coal, by removing sulfur from the coal prior to combustion, or by removing 
SO 2 from the product gases before they are released to the atmosphere. The emission standard 
for new plants is more stringent and may only be achieved in practice by removing SO 2 from 
stack gases. The technology for removing SO 2 from stack gases is more advanced than that 
for separating high percentages of sulfur directly from coal, and a large number of stack-gas 
desulfurization processes are available commercially. We examine one of these processes in 
this case study. 

Commercial processes for SO 2 removal are classified as regenerative or throwawav, de¬ 
pending on whether or not the agent used to remove SO 2 is reusable. Some throwaway pro¬ 
cesses can be modified to produce a saleable product (gypsum) without regeneration of the 
absorbent material. Regenerative processes have two major steps: the removal of dilute SO 2 
from stack gases by a separating agent followed by removal of SO 2 in concentrated form from 
the separating agent, which is then recycled to the first step. An example of such a procedure 
is the Wellman-Lord process, which first absorbs the SO? in an aqueous solution of sodium 
sulfite (Na?S0 3 ). In the solution, the following reaction occurs: 

Na 2 S0 3 + S0 2 + H 2 0 -» 2 NaHS0 3 (14.1) 

Subsequently, the solution is heated and, at the resulting elevated temperature, the process is 
reversed: 

2 NaHS0 3 -* Na 2 S0 3 + S0 2 + H 2 0 (14.2) 

The regenerated Na 2 S0 3 solution is recycled to the absorber, and the concentrated S0 2 pro¬ 
duced is captured and processed further to recover elemental sulfur. 

Throwaway processes utilize a separating agent to remove SO? from the stack gases fol¬ 
lowed by disposal of both the S0 3 in an innocuous form (CaS0 3 • j H 2 0) and the slurried sep¬ 
arating agent, calcium carbonate (CaC0 3 ). Although there are many processes that involve 
injection of either wet or dry limestone into the power plant furnace, we have chosen to use 
limestone-slurry scrubbing in the present case study. 

PROCESS DESCRIPTION 

Five hundred megawatts of electrical power (500 MWe) 4 is to be generated in the present fa¬ 
cility. Coal with properties given in Table 14.1 is fed at 25°C to a furnace where it is burned 
with 15% excess air. During combustion of the coal, sulfur reacts to form S0 2 and a negligible 
amount of sulfur trioxide (S0 3 ), while carbon and hydrogen are oxidized completely to C0 2 
and H 2 0. Essentially all of the nitrogen in the coal leaves the furnace as N 2 . 5 The ash in the 
coal leaves the furnace in two streams: 80% leaves as fly ash in the furnace flue gas, and the 
remainder leaves the furnace as bottom ash at 900°C. 

Combustion air Is brought into the process at 25°C and 50% relative humidity and sent 
to a heat exchanger, where its temperature is increased to 315°C by exchanging heat with the 
furnace flue gas. It is then fed to the boiler, where it reacts with coal. The flue gas leaves the 
furnace at 330°C, goes to an electrostatic precipitator where 99.9% of the particulate material 


3 Federal New Source Performance Standards for control of SOj from power plants are applicable to electric 
utility steam-generating units that are capable of firing more than 73 MW (250 million Btu/h) heat input of fossil 
fuel and for which construction or modification was commenced after September 18,1978. This regulation was 
proposed in the Federal Register, Vol. 43, No. 182, Tuesday, Sept. 19,1978. The 520 ng/J limit applies to solid fuels. 

"The notation MWe should be read as megawatts of electricity. 

5 A very small fraction of the nitrogen in the coal and/or air is converted to gaseous NO, during combustion. 
These are pollutants that must also be removed from the flue gas or controlled by combustion modification, but 
that technology is not within the scope of this case study. 
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Table 14.1 Average Properties of Coal 


Composition (Ultimate Analysis) 

Component 

Dry Wt% 

Carbon 

75.2 

Hydrogen 

5.0 

Nitrogen 

1.6 

Sulfur 

3.5 

Oxygen 

7.5 

Ash 

7.2 


Moisture: 4.80 kg/100 kg dry coal 

HHV: 30,780 kJ/kg dry coal (see Section 

9.6a) 

Dry coal: C p = 1.046 kJ/(kg °C) 

Ash: C p = 0.921 kJ/(kg-°C) 


is removed, and then to the air preheater where it exchanges heat with the combustion air. The 
flue gas leaves the air preheater and is split into two equal streams, with each being the feed 
stream to one of two identical scrubber trains. Each of the trains is sized to process 60% of the 
flue gas, giving flexibility and partial redundancy should one of the trains require downtime. 

In each of the scrubber trains, the divided off-gas stream is fed to a scrubber, where it 
contacts an aqueous slurry of limestone and undergoes adiabatic cooling to 53°C. Sulfur dioxide 
is absorbed in the slurry and reacts with the limestone: 

CaC0 3 + S0 2 + \ H 2 0 — CaS0 3 • \ H 2 0 4- C0 2 (14.3) 

The solid-liquid limestone slurry enters the scrubber at 50°C; the liquid portion of the slurry 
flows at a rate of 15.2 kg liquid/kg inlet gas and the solid-to-liquid ratio in the slurry is 1:9 by 
weight. The liquid is saturated with CaC0 3 and CaS0 3 . The cleaned flue gas meets the EPA 
standard on S0 2 emissions; it leaves the scrubber saturated with water at 53°C, containing 
the C0 2 generated in the scrubbing but none of the entering fly ash. Sulfur dioxide is the only 
constituent of the flue gas that is absorbed in the scrubber. The cleaned flue gas is then reheated 
to 80°C, blended with the cleaned flue-gas stream from the other train, and sent to the stack 
where it is released to the atmosphere. 

The solids in the spent aqueous slurry leaving the scrubber contain unreacted CaC0 3 , fly 
ash removed from the flue gas, inert materials that enter the process with fresh limestone, and 
CaS0 3 formed by the reaction in Equation 14.3. The liquid portion of the slurry is saturated 
with CaC0 3 and CaS0 3 and has a specific gravity of 0.988. The spent slurry is split into two 
streams. One of these streams is sent to a blending tank where it is mixed with fresh finely 
ground limestone, makeup water, and a recycle stream whose source will be described shortly. 
A fresh slurry stream from the blending tank is fed to the top of the scrubber. The other spent 
slurry stream is sent to a filter where wet solids containing fly ash, inert materials, CaS0 3 , and 
CaC0 3 are separated from a filtrate, which is saturated with the latter two components and is 
the recycle stream fed to the blending tank. The wet solids contain 50.2 wt% liquid that has the 
same composition as the filtrate. 

The fresh ground limestone is fed to the blending tank at a rate that is 5.2% in excess of 
that required to react with the S0 2 absorbed from the flue gas. The limestone material fed 
consists of 92.1% 0aCO 3 and the remainder is inert insoluble material. 

The generation of steam and its utilization in the production of electricity in this facility are 
typical of many power cycles. 6 The boiler used in the present situation generates steam at super- 


6 Steam: Its Generation and Use, 39th Edition, Babcock & Wilcox. New York, 1978. 
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critical conditions: 540°C and 24.1 MPa absolute. Mechanical work is derived by expanding 
the steam through a power-generating system of turbines; appropriate reheaters and moisture 
separators are used to facilitate that operation. The low-pressure steam extracted from the 
power system contains 27.5% liquid water at 6.55 kPa absolute. Heat is removed from the 
wet low-pressure steam in a condenser by cooling water that enters the condenser at 25°C 
and leaves at 28°C. Saturated condensate at 38°C is produced by the condenser and pumped 
back to the boiler. 


PROBLEMS 

Problems 14.2 through 14.10 should be solved using a basis of 100 kg dry coal/min fed to the furnace. 

14.1. Construct a flowchart of the process and completely label the streams. Show the details of only one 
train in the S0 2 scrubber operation. 

14.2. Estimate the molar flow rate (kmol/min) of each element in the coal (other than those in the ash). 

14.3. Determine the feed rate (kmoi/min) of 0 2 required for complete combustion of the coal. 

14.4. If 15% excess 0 2 is fed to the combustion furnace, estimate the following: 

(a) The oxygen and nitrogen feed rates (kmol/min). 

(b) The mole fraction of water in the wet air, the average molecular weight, the dew point and de¬ 
grees of superheat of the wet air, and the molar flow rate (kmol/min) of water in the air stream. 

(c) The air feed rate (kmol/min, standard cubic meters/min, cubic meters/min). 

14.5. Estimate the flow rate (kg/min and kmol/min) of each component and the composition (mole frac¬ 
tions) of the furnace flue gas. (Ignore the fly ash in calculating mole fractions.) At what rate (kg/min) 
is fly ash removed from the flue gas by the electrostatic precipitator? 

14.6. The system may be assumed to meet the standard of 90% removal of the S0 2 released upon com¬ 
bustion. 

(a) Determine the flow rate (kg/min and kmol/min) of each component in the cleaned flue gas leav¬ 
ing the scrubber. 

(b) Determine the flow rate (kg/min) of slurry entering the scrubber. 

(c) Estimate the solid-to-liquid mass ratio in the slurry leaving the scrubber. 

(d) Estimate the feed rate (kg/min) of fresh ground limestone to the blending tank. 

(e) What are the flow rates (kg/min) of inerts. CaS 03 , CaCOj, fly ash, and water in the wet solids 
removed from the filter? What fractions of the CaSOj and CaC0 3 are dissolved in the liquid 
portion of the wet solids? 

(0 Estimate the rate (kg/min, L/min) at which the filtrate is recycled to the blending tank. At what 
rate (kg/min, L/min) is makeup water added to the blending tank? 

14.7. At what rate is heat removed from the furnace? Assuming that all of the heat removed from the 
furnace is used to generate steam (i.e., none is lost to the surroundings), estimate the rate of steam 
generation in the power cycle. 

14.8. Determine the effect of the percent excess air fed to the boiler furnace by calculating the rate of 
steam generation (kg/min) for air flow rates that are 5% and 25% in excess of that theoretically 
required. Speculate on the reason for choosing 15 % excess air in the prescribed process by giving 
one possible reason for not using less air and one for not using more. 

14.9. Determine the temperature of the flue gas as it leaves the heat exchanger (air preheater) following 
the boiler. Estimate this value for the two alternative air flow rates corresponding to 5% and 25% 
excess oxygen. 

14.10. Compare the release of S0 2 in the scrubbed flue gas (determined in Problem 14.6) with the EPA limit 
of no more than 520 nanograms S0 2 per joule of heat input to the boiler. (Note: If you determined 
that meeting this requirement requires greater than 90% removal of S0 2 , you would, in practice, 
have to revise your previous calculations.) 

14.11. Power plants of the type described here operate with an efficiency of about 39%; that is, for each 
unit of heat released with the combustion of coal, 0.39 unit is converted to electrical energy. From 
this efficiency and the specified power output of 500 MWe, determine the following: 
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(a) The coal feed rate (kg/h). 

(b) The air feed rate (kmol/min, standard cubic meters/min, cubic meters/min). 

(c) The flow rate of each component in the gas leaving the furnace (kmol/min, kg/min). 

(d) The rate of steam generation (kg/h). 

14.12. For the required coal feed rate, scale the results from Problem 14.6 to determine for each scrubber 
train the actual flow rates (kg/h) of wet solids and filtrate from the filter, the slurry flow rates entering 
and leaving the scrubber, the flow rates of gas (kg/h and m 3 /min) entering and leaving the scrubber, 
and the flow rates (kg/h) of fresh water and limestone fed to each blending tank. 

14.13. Why is the scrubbed flue gas reheated before it is sent to the stack? 

14.14. The following are alternatives by which the scrubbed flue gas can be reheated: (1) bypassing the 
scrubber with a fraction of the flue gas leaving the air preheater and mixing this stream with cleaned 
flue gas; (2) burning natural gas and blending the combustion products with the scrubbed flue gas; 
and (3) using steam from the power cycle either to heat air that is blended with the scrubbed flue 
gas or to heat the flue gas in a heat exchanger. 

(a) Give a reason for rejecting Alternative 1. 

(b) In evaluating Alternative 2, assume that the natural gas consists entirely of methane at 25°C 
and that it is burned adiabatically with 10% excess air that has the same conditions as the air 
fed to the furnace. If the combustion products are blended with the cleaned flue gas, at what 
rate would methane would have to be burned to raise the stack-gas temperature to the desired 
value? 

(c) How much more coal (kg dry coal/h) would have to be burned for Alternative 3 if the amount 
of heat released by burning coal (kJ/kg dry coal) is the same as determined in Problem 14.7? 
Suggest two process alternatives by which the heat can be transferred to the flue gas. 

14.15. Assuming that option 2 in Problem 14.14 is used, construct a graph of the velocity of the stack gas 
(1 atm, 80°C) versus the diameter of the stack. Cover a range of velocities from 5 to 15 m/s. 

14.16. What is the flow rate of cooling water (kg/h and L/h) required to condense the low-pressure steam 
in the power cycle? 

14.17. The pump used to transport the steam condensate in the power cycle from the condenser to the 
boiler has an efficiency of 80% (i.e., 80% of the work done by the pump is on the condensate). What 
size pump (kW and horsepower) is required for the estimated water flow rate? What assumptions 
have you made in these calculations? 

14.18. We assumed a 39% efficiency for this power plant, meaning that for each unit of heat released with 
the combustion of coal, 0.39 unit is converted to electrical energy. Using an energy balance around 
the power-generating system of turbines, reheaters, and condensate separators, estimate an energy 
efficiency defined as 100 x the electrical energy generated (500 MWe) divided by the change in 
enthalpy of the steam flowing through the power-generating system. 

14.19. Why does the EPA standard for new power plants have two criteria? Using your own words, explain 
them in terms that can be understood by an informed public. Include in your discussion the impact 
of the regulation on the use of clean coal. 

14.20. If the 520-ng/J criterion had been followed, what would be the emission rate of SO 2 in kg/day? 



Appendix 


Computational Techniques 


This appendix introduces several mathematical concepts and methods that have widespread 
applicability in the analysis of chemical processes. The presentation presumes a knowledge of 
elementary calculus, but not of linear algebra or numerical analysis. The student who wishes a 
broader or deeper treatment of the subjects discussed is advised to refer to a numerical analysis 
reference. 

Appendix A.l THE METHOD OF LEAST SQUARES 

In this section we outline a statistical technique for fitting a straight line to y versus jc data. You 
should be aware, however, that in doing so we are barely scratching the surface of the field of 
statistical analysis; we will not discuss techniques for fitting functions of several variables, for 
determining quantitatively the uncertainties associated with a fit, or for comparing alternative 
functions used to fit a given data set. 

Suppose you measure y at four values of x, plot the data on a graph of y versus x, and 
draw a line through the data points. 



*2 * 3 x t 


Ifthe line you draw is y — ax+b, then at an abscissa point x, (i = 1,2,3, or 4) the measured 
value of y is y t , and the corresponding value of y on the line is ax t + b. The vertical distance d l 
from the i th data point to the line (called the i th residual) is therefore 

di = y t - (axj + b ), j = 1,2, 3,4 (A.l-1) 

If dj is positive then the i th data point must be above the line (why?), if d, is negative the point 
is below the line, and if d, equals zero the line passes through the point. A line is said to fit the 
data well if the values of most of the residuals are close to zero. 
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There are several ways to determine the line that best fits a set of data, which differ pri¬ 
marily in their definitions of “best.” The most common method is the method of least squares. 

Suppose there are n plotted points (jr lt yi), (x 2 , y 2 ), • • •, (*«, y*). so that a line y = ax + b 
drawn through the points yields a set of n residuals d\, dj ,..., d„. According to the method of 
least squares, the best line through the data is the one that minimizes the sum of the squares of 
the residuals. 1 The task is therefore to find the values of a and b that minimize 

4>(a. b) = df = » - axi - b) 2 (A.l-2) 

/-l f-i 


You can obtain expressions for the best values of a and b in terms of known quantities by 
differentiating the equation for <f> (Equation A.l-2) with respect to both a and b , setting the 
derivatives equal to zero, and solving the resulting algebraic equations for a and b . The results 
of these calculations are as follows. If we define 


then 

1 n i n 

s = xf 

"t=T 

l i 

s y — n 2 -j y> s *y - n 2-. 

/ = 1 i = 1 

(A.l-3) 

1. Best line: y = ax + b 

Slope: 

Sxv S x Sy 

a S XX - (s x f 

(A.l-4) 

Intercept: 

j_ _ Sxx$y ~ s xv s x 

Sxx ~ (Sx) 2 

(A.l-5) 


2. Best line through the origin: y = ax 
Sxy Z •*<>’< 


Slope: 


Zxf 


(The intercept equals 0.0.) 


(A.l-6) 


Once you determine a and b, you should plot the line y = ax + b on the same graph as the 
data to get an idea of how good the fit is. 


EXAMPLE A.11 


The Method of Least Squares 

Two variables, P and t, are related by the equation 

/> = -4— 

mt l - + r 


The following data are taken: 


p \ 

0.279 

0.194 

0.168 

0.120 

0.083 

t 

1.0 

2.0 

3.0 

5.0 

10.0 1 


Calculate m and r using the method of least squares. 


SOLUTION 


The equation may be rewritten in the form 


I 

P 


= mt 


1 2 


+ r 


1 We could also choose the best line as the one that minimizes the sum of the absolute values of the residuals, or 
the sum of the fourth powers of the residuals. Using the squares simply provides computational convenience. 
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so that a plot of 1/ P versus r 1 2 should be a line with slope m and intercept r. From the tabulated 


y = 1 P 

3.584 n 

5.155 

5.952 

8.333 

12.048 

x - t x 2 

1.00 

1.414 

1.732 

2.236 

3.162 


I = mt 1 2 + r 
P 

II v = 1/P. * - ! 

V 

y = mx + r 

Evaluate the quantities of Equation A.l-3: 

Sx - 1(1.000 + 1.414 + 1.732 + 2.236 + 3.162) = 1.909 

s y = 7.014 
s xx = 4.200 
Sjy = 15.582 

Hence, from Equation A.l-4. 


r = = -0.517 

~ ( s *) 2 


Slope: 

and from Equation A.1-5. 
Intercept: 


so that the final result is 


P = 


3.94/1' 1 2 _ 0.517 ; 


A check on the results is to plot If P versus t 1 2 , showing both the data points and the line 

I = 3.94/ 1 2 -0.517 

in the following diagram. 



TEST 

YOURSELF 
(Answers, p. 662) 


1. A line >• = 3-v + 2 has been fit to a set of data including the points (x = 1. y - ^ and 

’ / _ 3 v = 13) What are the residuals at these two points? , 

2. What is the definition of the best line through a set of data points that forms the basts o 

* the method of least squares? 
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3. Could the method of least squares be used to fit a straight line to data points that fall on 
a distinct curve? ( Corollary: Does the line that “best” fits the data necessarily fit the data 
well?) 

4. An alternative to the method of least squares might be to minimize the sum of the resid¬ 
uals rather than the sum of squares of the residuals. What would be wrong with this 
method? 


Appendix A.2 ITERATIVE SOLUTION OF 

NONLINEAR ALGEBRAIC EQUATIONS 

A.2a Linear and Nonlinear Equations 

Given below is the van der Waal’s equation of state: 

(.P + a/V)(V -b) = RT 

Solving this equation to calculate P for a given V and T is easy, while solving for V for specified 
values of P and T is relatively difficult. 

What makes an equation easy or difficult to solve is its linearity or nonlinearity in the un¬ 
known variable. Equations that contain unknown variables raised to the first power only (x, but 
not x 2 or x 1/2 ), and that do not contain products (xy) or transcendental functions (sin x, e x ) of 
unknown variables, are called linear equations. Equations that do not satisfy these conditions 
are called nonlinear equations. 

For example, if a, b, and c are constants, and x, y , and z are variables, 
ax + by - c is linear 

ax 2 = by + c is nonlinear (contains x 2 ) 
x-lnx + <b = 0 is nonlinear (contains In x) 
ax + by = cx is linear 

Linear equations that contain a single unknown variable have one and only one solution 
(one root). 


- 3 = 2x + 4 = 

=> x = 1.2 

2, T = 300j 

=» 9 = RT/P = (2)(300)/(3) = 200 


PV = RT 


In contrast, nonlinear equations that contain a single unknown variable may have any number 
of real roots (as well as imaginary and complex roots). For example, 

x 2 + 1 = 0 has no real roots 

x 2 - 1 = 0 has two real roots (x = +1 and x = —1) 

* - e ~* = o has one real root (x = 0.56714...) 

sin x = 0 has an infinite number of real roots (x = 0, 7 t,277\ ...) 


The roots of some nonlinear equations, such as the second of the equations given above, can 
be obtained directly using simple algebra, but most nonlinear equations must be solved using 
an iterative or trial-and-error technique. 

A single equation containing several variables may be linear with respect to some variables 
and nonlinear with respect to others. For example. 


xy — e~ x = 3 


is linear in y and nonlinear in x. If x is known, the equation may easily be solved for y, while 
the solution for x from a known variable of y is much harder to obtain. Another example is 
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the three-term virial equation of state: 


PV = ffrll + + 


C(T) \ 

9 * I 


where B and C are known functions of temperature. This equation is linear in P and nonlinear 
in V and T. It is consequently easy to solve for P from given values of T and V and difficult to 
solve for either V or T from given values of the other two variables. 

Most of the problems you are called on to solve in this text reduce to one or two linear 
equations in as many unknowns. The hard part of the problems, if there is a hard part. :s deriv¬ 
ing the equations; solving them is a matter of simple algebra. However, many process problems 
involve nonlinear equations. Techniques for solving such problems are the subject of this sec¬ 
tion. 


Classify the following single-variable equations as linear or nonlinear, considering a, b, and c 
YOURSELF as constants. 

(Answers, p. 662) L 3jc + 17 = 2 3x - 12 

2. 3x = a(ln x) 4- b 

3. xexp(x) = 14 

4. axy — b 2 - = cyj x 

(a) x is known 

(b) y is known 

5. 14x cos(y) — 8/ z = 23 

(a) x and y are known 

(b) x and z are known 

(c) y and z are known 


A.2b Graphical Solution 

In this and the next several sections, we will discuss methods for solving one nonlinear equation 
in one unknown. Extensions to multivariable problems will be presented in Section A.2i. 

Suppose you have to solve an equation of the form f(x) = 0 — that is, find the root or 
roots of the function /(x). [Any equation can be written in this form by bringing every term 
to the left side. For example, x = e~ x becomes /(a) = a - e~ x = 0.] An obvious solution 
technique is to plot f(x) versus x and to locate by graphical interpolation the point at which 
the curve crosses the axis. 


fix) 



There are several problems with this technique. It is a manual method: it is relatively slow; 
and it is not very precise. Its principal advantage is that it enables you to see how / varies with 
x, which is particularly useful when you are dealing with functions that have several roots. 


fix) 



0 
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The points x\, jc?, and x 3 are all roots (solutions) of the equation f(x) = 0. The computa¬ 
tional techniques we will describe shortly would locate one or another of these roots, depend¬ 
ing on the initial guess; however, for all but simple polynomial functions a plot is the only 
convenient method to detect the existence and approximate location of multiple roots. There¬ 
fore, unless you know that only one root exists, or you know the approximate location of each 
root you need to determine, a good procedure is to plot / versus x and use the plot to determine 
initial estimates for more precise root-finding methods. 

TEST 1. Use a graphical argument to justify the statement that a linear function has only one root. 

YOURSELF 2. How many roots does the function f{x) = x - exp(-jc) have? [Suggestion: Sketch piots 

(Answers, p. 662) of fi(x) = -* and / 2 (;t) = exp (-x) versus x, and use these plots to obtain your answer.] 

A.2c Spreadsheet Solution 

If you have access to a spreadsheet program, finding solutions of nonlinear single-variable 
equations is relatively easy. If the equation has the form f(x) = 0, you need only enter a 
guessed value of x in one cell of the spreadsheet, insert the formula for f(x) in an adjacent 
cell, and then vary the value in the first cell until the value in the second cell is dose enough to 
zero to meet a specified convergence criterion. The next example illustrates this approach. 


EXAMPLE A.2-1 Spreadsheet Solution of a Nonlinear Equation 

Estimate the solution of the equation x = e~ l using a spreadsheet. 


SOLUTION 


The first step is to express the equation in a form f(x) = 0 by bringing ail terms to one side of the 
equation. The result is 

f(x) = x- e ' = 0 

We might set up the spreadsheet as follows, taking an initial guess of 1.0 for the solution of the 
equation. 

1 
2 


The formula entered in Cell B2 would be = A2 - exp (- A2). As the value of x in Cell A2 is changed, 
the value of f(x) in Cell B2 changes accordingly. The strategy is to find the value in Cell A2 that 
drives the value in Cell B2 satisfactorily close to zero. If this is done, the following result is obtained: 


1 

2 


The desired solution is j x = 0.56714| , for which f(x) = -0.0000052. If we wanted a more precise 
solution we could add a sixth significant figure to the given value of x, but it is rare to need even five 
significant figures. 

The solution is even easier to obtain if the spreadsheet program is equipped with a goalseek tool. 
Once the first of the spreadsheets shown above has been constructed, select Goal Seek (it can nor¬ 
mally be found under the pull-down '‘Tools'’ menu), and enter B2 as the target cell, 0.0 as the target, 
and A2 as the variable cell. The spreadsheet will then search for and (usually) converge on the so¬ 
lution within a fraction of a second. 


A B 


X 

f(x) 

0.56714 

-5.2E-06 


A B 


X 

f(x) 

1 

1_ 

0.632121 


One limitation to this method (and to all other numerical methods for solving nonlinear 
equations) is that once you have found one solution, you cannot be sure that there are no 
additional solutions. The way to determine the existence of multiple roots is to evaluate f(x) 
over a wide range of x values and find the intervals in which f(x) changes sign (see the second 
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figure in the previous section). Initial guesses can then be made within each of these intervals 
and the spreadsheet used to determine the roots precisely. 


A.2d Regula-falsi Method 

In this and the next subsection, we outline algorithms for finding roots of single-variable equa¬ 
tions of the form f(x ) = 0. The first procedure, termed the regula-falsi method, is appro¬ 
priately used when an analytical expression for the derivative of / with respect to x is not 
available—as, for example, when f(x) is obtained as the output of a computer program for an 
input value of x . The algorithm is as follows: 


1. Find a pair of values of x (use x„ and x p ) such that /„ = f[x„] < 0 and f p = f[x p ] > 0. 

2. Estimate the value of the root of f(x) from the following formula: 


3. 


4. 


*new 


x nfp x pfn 
fp ~ fn 


(A.2-1) 


and evaluate / new — /{x new ]. 

Use the new point to replace one of the original points, keeping the two points on opposite 
sides of the x axis. If / new < 0, replace the old x n and f n with x new and / new - If /new > 0, 
replace x p and f p with jt new and / new . (If / new = 0, you have found the root and need go 
no further.) 

See if the new x n and x p are close enough for convergence to be declared (see Section 
A.2h). If they are not. go back to step 2. 


What you are doing with this procedure is the algebraic equivalent of drawing a straight 
line between the two points [*„, f „] and [x p , f p ] on a plot of / versus* and using the intersection 
of this line with the * axis as the next estimate of the root. 


fix) 



«r 


Evaluate / new 

= 0 > 
Say / new > 0 


A*> 




Old (x p ,f p ) 


(Xpjp) 


x 


Successive points determined in this manner clearly approach the * axis (where / = 0). The 
procedure terminates when / new is close enough to zero to satisfy a specified convergence cri¬ 
terion. 

The regula-falsi method is the procedure used by many spreadsheet programs in their 
goalseek algorithms. 


TEST I. Suppose a “black box" computer program gives values of a function f(x) for specified 

YOURSELF values of x . Unknown to the programmer, the function is 

(Answers, p. 662) f = 4-(x-2) 2 

(a) WTiat are the roots of this function? (You should be able to do it by inspection.) 

(b) Suppose the programmer tries values x p - 3 and x„ = 5. If she uses the regula-falsi 
method, what will the next pair be? To which root will the method ultimately con¬ 
verge? 

2. Derive Equation A.2-1. 

A.2e Newton’s Rule 

The next algorithm for finding the root of a function f(x) is Newton’s rule. It is considerably 
more efficient than regula-falsi, but only for functions for which the derivative /'(*) = df dx 
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can be evaluated analytically. The formula for proceeding from one estimate of the root to the 
next is 


■**+i 



(A.2-2) 


where x* is the kth estimate of the root, /* = /(x*), and / t ' = dfjdx evaluated at x = x*. As 
always, you begin by estimating a value of the root, x \. Successive estimates are then gener¬ 
ated from Equation A.2-2, with a test for convergence (Section A.2h) being applied after each 
estimate is obtained. 

The easiest way to understand how Newton’s rule works is graphically. Suppose the plot 
of / versus x appears as follows: 


fix) 



Although it may not be obvious at first glance, Newton’s rule is equivalent to choosing a value 
of xi and calculating f\ = f(x i), drawing a line tangent to the curve at (x lt f\) and using the 
intersection of this line with the x axis as the next estimate (X 2 ). As the following diagram 
shows, the successive values of x generated in this manner (x 2 , X 3 , X 4 ,...) may converge on the 
root x*, although convergence is not guaranteed. 


fix) 



The formula for each estimate.(x* +1 ) in terms of the previous estimate (x*) may easily be 
derived. The graphical representation of one step of the procedure is shown on the next page. 
The slope of the tangent line is [dfj dx) Xt — /*'; however, two known points on this line are 
(x* + 1 ,0) and (x*, f k ) so that the slope is also equal to (0 - /*)/(x* + i - x k ). Equating these two 
expressions for the slope yields 

Xk +1 Xk 


fix) 







Appendix A.2 Iterative Solution of Nonlinear Algebraic Equations 615 



SOLUTION 


TEST 

YOURSELF 
(Answers, p. 663) 


The solution of this equation for x^+i is Newton’s rule. Equation A.2-2: 

•*• 4+1 = x k ~ *77 

h 


Newton’s Rule 

Determine the root of the equation x = e~ x using Newton’s rule. 

f(x ) = x - 

f'(x) = df/dx = 1 + e~ s 

Whenx = 0, f(x) is negative, while when x = 1, f(x) is positive (verify). Tne root x* must therefore 
be between 0 and 1, Try xj = 0.2 as a first guess. 

First Iteration: x\ = 0.2 

1 

/(*,) = 0.2 — e~ 02 = -0.6187 

I 

/'(x,) = 1 + e~ 02 = 1.8187 

I 

* 2 * * " = 0.5402 

Second Iteration: x 2 = 0.5402 

JI 

/(x 2 ) = 0.5402 - e~ osm = -0.0424 

ii 

/'( x 2 ) = 1 + <T a54ffi = 1.5826 

I 

*3 = X 2 - f(x 2 )jf\x 2 ) = 0.5670 

Third Iteration: x 2 = 0.5670 

I 

f(x 3 ) = 0.5670 - <T a5670 = 2.246 X 10~ 4 

I 

/'(jcj) = 1 + <T ft5670 = 1.5672 

I 

X* = x 2 - f{,x%)/ f'(x 2 ) = 0.56714 
The successive estimates of x* are therefore 

0.2 =?> 0.5402 ==> 0.5670 => 0.56714 

This is clearly a converging sequence. Depending on how much precision you require, you might 
stop here or carry out one or two additional iterations. Let us stop here, and say that x* ~ 0.56714. 


1. Could you use Newton’s rule to find a root of the equation x 2 - 3x - 3 = 0? Would you 
use it? Why not? 
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2. Suppose you wish to find a root of /(x) = 0, where f(x) versus x appears as shown here. 


fix) 



What would happen if you took as a first guess the value of xj shown? (What would hap¬ 
pen shows that Newton’s rule does not necessarily work if a poor choice of x\ is made.) 

A.2f Successive Substitution and 

Modified Successive Substitution 

Problems involving the solution of nonlinear equations can often be expressed in the form 

x = /(x) 

where f{x) is a nonlinear function. ( Example.: x = e~ x .) As shown in Chapter 10, balance 
equations for multiple unit processes with recycle often fall into this category: x would be the 
assumed value of a tear stream variable, and /(x) would be the value generated by calculating 
around the cycle. 

The simplest solution method is successive substitution. An initial estimate, x^\ is selected; 
/C* (1) ) is calculated; and the calculated value is used as the next estimate of the root. The 
formula is 

* (,+1 > = /(* (0 ) (A.2-3) 

The procedure is repeated until the specified convergence criterion is satisfied. 

Sometimes successive substitution works very well, converging in a few steps. Three unsat¬ 
isfactory convergence patterns are also observed from time to time, however. In the first, the 
successive estimates oscillate about a central value: 

37.6,2.3, 36.8,2.6,34.4,2.9,... 

The root lies somewhere between 3 and 30, but the procedure will clearly take a large number 
of iterations to get there. 

The problem here is that successive substitution generates overly large steps. Instead of 
jumping all the way from 37.6 to 2.3, as successive substitution dictates, we should only go part 
of the way from the first to the second value to obtain our estimate of x< 2 >. To do this, we may 
use modified successive substitution (also called damped successive substitution). The formula is 

= * (0 + M/O (0 ) ~ * {i) ] (A.2-4) 

where p, the damping parameter, is a number between 0 and 1. If p = 1, the procedure re¬ 
duces to pure successive substitution, and as p approaches zero, the size of the step becomes 
smaller and smaller. A few trial-and-error iterations should yield a good value of p for a specific 
problem. 

The second case of slow convergence in successive substitution involves a creeping pro¬ 
gression, such as 

151.7,149.5,147.4,145.6,143.8,... 

Again, it appears that the procedure could be converging to a solution, but it is equally clear 
that it is in no hurry to get there. 

The remedy for this problem is to accelerate the convergence procedure—to jump over 
many of the intermediate solutions to which continued successive substitution would lead. The 
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next section outlines Wegstein’s method, one of the most commonly used acceleration algo¬ 
rithms. 

The third unsatisfactory convergence pattern is instability. For example, if successive sub¬ 
stitution yields a sequence like 

1.0,2.5, —6.S, 23.5,97.0,... 

then successive substitution will dearly not work, no matter how many iterations are attempted. 
A better first estimate might yield a convergent sequence, or the problem might be intrinsically 
unstable and must be restructured or solved by a different technique. Texts on numerical anal¬ 
ysis outline stability conditions for nonlinear equation solution algorithms; their consideration 
is beyond the scope of this appendix. 


TEST 

YOURSELF 
(Answers, p. 663) 


1. For each of the following sequences of successive estimates of a root, indicate whether 
successive substitution seems to be adequate or whether you would resort to modified 
successive substitution or an acceleration method (state which). 

(a) 165,132,163,133.162,133,... 

(b) 43,28,26,26.7,26.71,... 

(c) 21.0,21.2,21.4, 21.59, 21.79,... 

2. Suppose = 14.0, /(x (,) ) = 13.0, and you are using modified successive substitution 
with p = 0.4. What is your next estimate of the root? 


A.2g Wegstein Algorithm 

The procedure outlined in this section encompasses successive substitution and modified suc¬ 
cessive substitution as special cases, and in addition provides acceleration capability. 

1. Begin by choosing x (1) . Calculate /(x {1 >), and let x<- 2) = /(x (1 >). (That is, carry out a 
successive substitution step.) Let k = 2. 

2. Calculate /(#). 

3. Check for convergence. If x {k) and f(x lky ) are close enough together to meet the conver¬ 
gence criterion, terminate the procedure. If convergence is not achieved, calculate 

fU (k) ) ~ f(x {k ~ l) ) 

w x (k) _ *(*-1) 

q = w/(w — 1) 

4. Calculate 

X (M) = qx (k) + (i - q)f( x W) 

5. Increase k by 1 and go back to step 2. 

It is not difficult to show that Wegstein's method is tantamount to generating two points 
on the curve of f(x) versus x and determining as the next estimate the intersection of the line 
between these two points and the 45° line {at which x = /(*)]. 


(A.2-5a) 

(A.2«5b) 

(A.2-6) 



,(3> 
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If you examine Equation A.2-6, you will see that if the parameter q equals zero, the pro¬ 
cedure reduces to successive substitution; if q is between zero and 1 the procedure is modified 
successive substitution; and if q is negative the procedure involves acceleration. 


TEST 

YOURSELF 
(Answers, p. 663) 


An effort to solve the equation x = f(x) begins with two successive substitution steps: 
x = 2.00 — /(*) = 2.30 
Jt = 2.30 -» f(x) = 2.45 

1. Calculate the next value of x using the Wegstein algorithm. 

2. Sketch a plot of f(x) versus *. showing the two given points, and show graphically that 
the value of x you calculated is correct. 


A.2h Convergence Criteria 


A problem common to all iterative computational methods is knowing when to quit. An it¬ 
erative method rarely yields a precise root, but rather gives successive approximations that 
(if the method converges) approach the root more and more closely. Whether you are doing 
the calculation by hand or writing a program to do it, you must specify how close is close 
enough. 

Suppose we wish to find a solution of the equation fix) = 0 using a method that gives 
successive estimates x^ 2 \ and so on. Several different criteria may be used to determine 
when to terminate the procedure. The most straightforward one calls for termination when the 
absolute value of f{x 0) falls within a specified interval about / = 0: 

l/(* (0 )i < e (A.2-7) 

where e, the convergence tolerance, is chosen to be several orders of magnitude smaller than 
typical values of f(x) in the range being searched. Decreasing the value of e leads to a more 
accurate estimate of the solution but increases the number of steps (and hence computation 
time) required to get there. There are formal ways to choose the value of e, but it can be just 
as easy to choose a value (e.g., 0.0001 times the value off at the first guessed value of x), find 
the root, then decrease the value of e by a factor of 10, search again starting with the previous 
converged value, and see if the solution changes enough to care about. 

The convergence criterion (A.2-7) may yield a false solution if the function f{x) is almost 
horizontal over a wide range around the root, so that |/(*0)| may be less than e (meeting 
the convergence criterion) when *0 is still a long way from the root. In this case, one of the 
following convergence criteria might be more appropriate to use: 


jjfO) _ x 0 I) | < g 
1*0 - 

■-—-- < e 


(A.2-8) 

(A.2-9) 


Equation A.2-8 is an absolute convergence criterion. If the value of* changes by less than 
e from one iteration to the next, the procedure is terminated and the last value of x is taken to 
be the desired root. The strictness of this criterion for a given s depends on the magnitude of 
the estimated values. If s = 0.01, for example, and successive estimates of x are 358,234.5 and 
358,234.6, the procedure would not be terminated, even though the estimates are undoubtedly 
dose enough for any realistic purpose. On the other hand, successive estimates of 0.0003 and 
0.0006 would lead to termination for the same value of e, despite the fact that the two estimates 
differ by a factor of two. 

Equation A.2-9, a relative convergence criterion, avoids this difficulty. If this criterion is 
used, a value of s = 0.01 specifies that the procedure will be terminated when the value of x 
changes from one iteration to the next by less than 1%, regardless of the magnitude of that 
value. This criterion does not work if successive estimates of x converge to a value of zero. 
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A.2i Multivariable Root-Finding Algorithms 

Solving n nonlinear equations in n unknowns is usually a difficult problem, and a general treat¬ 
ment is well beyond the scope of this text. In this section we present several approaches without 
proof or much explanation. For additional details, standard texts on numerical analysis should 
be consulted. 

Three methods that can be used to find the values of x \,..., x n that satisfy ti simultaneous 
equations are extensions of methods given previously for single-variable problems. They are 
(a) successive substitution, (b) the Wegstein algorithm, and (c) the Newton-Raphson method 
(a multivariable extension of Newton’s rule). The example that concludes this section illustrates 
all three algorithms. 


Successive Substitution. Suppose the equations can be cast in the form 

*1 = fi(x u x 2 ,...,x tt ) 

*2 ~ /2(*li*2. *n) 

(A.2-10) 


Xn = fn(xi,X 2 ,...,Jr„) 


(A cycle with n tear stream variables falls into this category.) The successive substitution 
method consists of assuming values for each of the n unknown variables, evaluating the func¬ 
tions /i,..., /„, and using the calculated values as the next estimates of the variables. The 
procedure is terminated when all variable values meet a specified convergence criterion. For 
example, if is the value of the i th variable at the kth iteration, the procedure might be 
terminated when 



; 


< £, 


i = 1,2,..., n 


(A.2-11) 


This approach is simple but generally inefficient. The greater the number of variables, the 
longer it takes for the procedure to converge, if it converges at all. It is generally preferable to 
use Wegstein’s method or the Newton-Raphson method, depending on whether or not the par¬ 
tial derivatives of the functions f\,...,f n can be evaluated analytically. (Use Newton-Raphson 
if they can be, otherwise try Wegstein, but don’t be too surprised if it doesn’t converge.) 


Wegstein Algorithm. If the equations to be solved have the form of Equation A.2-10 [i.e., 
Xi = fi(x i,X 2 ,..., x n )], guess values for all n variables and apply the procedure of Section 
A.2g separately to each variable. Terminate when the convergence criteria are satisfied for all 
variables. 

This procedure will work reasonably well if the generating function /i depends almost 
entirely on x x ,f 2 depends only on x 2 , and so on (i.e., if there is little interaction among the 
variables). If this is not the case, convergence will generally be very difficult to achieve. 

Newton-Raphson Method. Suppose now that the equations to be solved take the form 

ffi(xi,x 2 ,...,x n ) = 0 

gi(xux 2 ,.,.,x„) = 0 

(A.2-I2) 

g„(xi,x 2 ,... ,x„) = 0 

The Newton-Raphson method is as follows: 

1, Estimate (or just guess) values of the n variables (xi,x 2 ,.. .,x„), calling the estimates 
jcj 1 *, x^ J \..., Let k = 1 (the number of the iteration). 
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2. Evaluate the function values (</i,... ,g „) corresponding to the most recent estimate of the 
x, values: 


o\ k) = S/^P’ • • •, 4% i = 1,2,..., n (A.2-13) 

3. If the gi values are to be used as the basis of a convergence test, declare the procedure to 
have converged if 

* = 1,2. n 


The convergence tolerance for the ith equation, e„ should be a very small fraction of 
typical values of g s (e.g., O.OOOl^P). If the procedure has not converged, go on to step 4. 

4. Evaluate the partial derivatives with respect to each variable 

«'-$) “ [‘M’.-.-a (A.2-14) 

5. Solve the following set of linear equations for the variables d\,d 2 , ...,d n . 


<2n^i + a\ 2 d2 + *' 

• + a u d n = 



a 2\d\ + <222^2 + • - 

' ’ + a 2nd„ = 


(A.2-I5) 

a n \d\ + a n2 d 2 + 

■ * + a nn d n = 




If there are only two or three equations, you can solve them by simple algebraic tech¬ 
niques. For larger systems of equations, an equation-solving computer program should be 
used. 

6. Calculate the next set of x, values as 


r (*+i) - „<*) 


+ dj 


(A.2-16) 


7. If the changes in the x values are to be used as the basis of a convergence test, declare the 
procedure to have converged to [xj* +1) , x[ M} ,..., xf +1) ] if either an absolute or relative 
convergence criterion is satisfied. 


M/I < e;, i = 1,2,...,n or \di/x\ k) \ < e„ i = 1,2 

Otherwise, increase the value of k by 1 (so that what was calculated in step 6 as xp +1) is 
now x ( - ) and return to step 2. 


The Newton-Raphson method is based on a linearization of the functions g\,..., g n about 
each estimated set of roots and a solution of the resul ting linear equations to get the next estimate. 
(If you have no idea what all that means, don’t worry about it.) It is an efficient procedure to use 
when analytical partial derivatives of the functions g u ..., g n are convenient to evaluate. When 
there is only one equation (« = 1), the algorithm reduces to Newton’s rule (Section A.2e). 

The next example illustrates the three multivariable nonlinear equation-solving methods 
described in this section. 


EXAMPLE A.2-3 Solving Multivariable Nonlinear Equations 

Find the solutions of the following simultaneous equations: 

fl'i(x, y) = 2x + y - (x + y) i/2 -3 = 0 
9l{x, y) = 4 - y - 5/(x + y) = 0 

1. By successive substitution. 

2. Using the Wegstein algorithm. 

3. Using the Newton-Raphson method. 

In each case, use a starting value (x = 2, y = 2) and stop when the relative changes in x and y from 
one iteration to the next are each less than 0.001. (See Equation A.2-11.) 
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SOLUTION 


1. Successive substitution. The equations g\ - 0 and 32 = 0 must be rewritten to provide explicit 
expressions for x and y. One way of doing this is the following: 

x c = 0.5[3 - y a + (x a + y*) 1 2 ] 
y c == 4 - 5/(x a + y a ) 

where the subscript “a” stands for assumed and “c” stands for calculated. We assume values of 
x and y , recalculate x and y using these expressions, and iterate until convergence is achieved. 
The calculation proceeds as follows: 


Iteration 

Assumed 

Calculated 

X 

y 

X 

V 

1 

2.000 

2.000 

1.500 

2.750 

2 

1.500 

2.750 

1.156 

2.824 

3 

1.156 

2.824 

1.086 

2.744 

4 

1.086 

2.744 

1.107 

2.694 

5 

1.107 

2.694 

1.128 

2.684 

6 

1.128 

2.684 

1.134 

2.688 

7 

1.134 

2.688 

1.133 

2.692 

8 

1.133 

2.692 

1.132 

2.693 

9 

1.1320 

2.6929 

1.1314 

2.6928 


Since the relative changes in x and y in the last iteration are each less than 0.001. the calcula¬ 
tion is terminated at this point, and the final values are accepted as the roots of the two given 
equations. 

2. Wegstein algorithm. The same functions are used to generate calculated values of x and v from 
assumed values, only now the equations of Section A.2g are used to generate new assumed 
values after the first iteration. The results are as follows. (Check the first series of numbers 
with a hand calculator to make sure you know how to apply the formulas.) 


Iteration 

Assumed 

Calculated 

X 

V 

X 

y 

1 

2.000 

2.000 

1.500 

2.750 

2 

1.500 

2.750 

1.156 

2.824 

3 

0.395 

2.832 

0.982 

2.450 

4 

1.092 

2.641 

1.146 

2.660 

5 

1.162 

2.651 

1.151 

2.689 

6 

1.150 

2.670 

1.142 

2.691 

7 

1.123 

2.694 

1.130 

2.690 

8 

1.136 

2.690 

1.133 

2.693 

9 

1.1320 

2.6919 

1.1318 

2.6924 


In this case, Wegstein's method did not accelerate the convergence. In fact, the large jump in 
the value of x in iteration 3 (when the Wegstein procedure was first used) could have been the 
first symptom of an instability, but the algorithm recovered well. 

3. Newton-Raphson method. The necessary formulas are as follows: 

gi(x.y) = 2x + v - (.v + y) 1 2 - 3 
9i{x , y) = 4 - y - 5 (.r + y) 
au(x,y) = dg\idx = 2- Q.5(x + y)~* 2 
on (*,y) = dgx/dy = 1 - 0.5(x + y)" 1 * 
on(x,y) = dg-ifdx = 5 (x + y) 2 
a 2 z{x,y) = dgi/' dy = -1 + 5/(x + y) : 
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Equations A.2-15 reduce for this two-dimensional problem to 
audi + a [2 d 2 = -g x 
+ a 2 2 d 2 = -g 2 

The procedure is to assume values of x and y ; calculate g x , g 2 , a n , a u , a 2U and a 22 from the given 
formulas; solve the two preceding equations for d\ and d 2 , and calculate the new estimates of 
the roots as 

x c = x a + d\ 
yc = + d 2 

The convergence test is then applied, and if the assumed and calculated values are not close 
enough together, the latter values are used to replace the former ones and the calculation is 
repeated. The results are shown here. 


Iteration 

Assumed 

Calculated 

X 

y 

X 

y 

1 

2.000 

2.000 

1.130 

2.696 (verify!) 

2 

1.130 

2.696 

1.1315 

2.6925 

3 

1.1315 

2.6925 

1.1315 

2.6925 


The superiority of the Newton-Raphson method to others tested is clear in this example and is 
even more dramatic when more than two equations are to be solved simultaneously. Generally, 
when analytical derivatives are available, the Newton-Raphson method should be used for 
solving multiple nonlinear algebraic equations. 


Appendix A.3 NUMERICAL INTEGRATION 

In Chapter 8, we showed that the enthalpy change associated with the heating or cooling of a 
substance is evaluated by integrating the substance heat capacity C P (T ) from the initial tem¬ 
perature to the final temperature. This is one of many instances you will encounter in process 
analysis where an integration is required as part of a problem solution. 

It often happens that required values of definite integrals cannot be obtained using the 
methods of elementary calculus. If, for example, you are called on to evaluate something like 

e~ x3 dx 

you will not find help in a calculus book or a table of integrals—an analytical expression for 
the integral of exp (-x 3 ) simply does not exist. 

It is possible, however, to substitute for any mathematical operation such as differentiation 
or integration a series of arithmetic operations that yield approximately the same result. The 
arithmetic operations are usually simple but numerous and repetitious and so are ideally suited 
to computers. 


A.3a Quadrature 

The general problem we will discuss is the evaluation of a definite integral: 

/ = [ y{x)dx (A.3-1) 

Ja 

There are several possible reasons why you might not be able to evaluate / analytically; y(x) 
may be a nonintegrable analytical function, such as exp (-x 3 ), or it may be a series of tabulated 
(x, y ) data points or a plot of y versus x. 
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A method of numerical integration (or quadrature, as it is also called) is required to eval¬ 
uate / in any of these cases. The specific techniques we will present are algebraic, but the 
general approach to the problem is best visualized graphically. For the moment, we will sup¬ 
pose that all we have relating x and y is a table of data points, which we may graph on a plot 
of y versus x. 


X 

jri<=a) 

.i 2 /7(\ | 

| 

x„{=b) 

y 

-Vl 

t y 2 vi/ 

A.i 

y n 


V 


yz- o 

>1-° 


The integral we are trying to evaluate (/ of Equation A.3-1) equals the area under the contin¬ 
uous curve of y versus x , but this curve is not available—we only know the function values at 
the discrete data points. The procedure generally followed is to fit approximating functions to 
the data points, and then to integrate these function analytically. 

The many existing quadrature formulas differ only in the choice of functions to fit to the 
data points. Two of the simplest approximations are to fit straight lines between successive 
points and sum the area under the lines, and to fit parabolas to successive triplets of points 
and sum the areas under the parabolas. These approximations lead to the quadrature for¬ 
mulas known respectively as the trapezoidal rule and Simpson’s rule. We will discuss each 
in turn. 


A.3b The Trapezoidal Rule 

The area under a line through (jcj, yt) and (x 2 , y 2 ) on a plot of y versus x is easily calculated. 


y 




The area under a series of points from x\ to x n is obtained by a summation of such terms: 
I = i[(x 2 ~ *i)(>’i + v 2 ) + (*3 ~ * 2 )(y 2 + y 3 ) + • • ■ + (x n - x„-i )(y n -i + y„)] 

I 



Trapezoidal Rule: 


(A.3-2) 
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y 



a b 


Figure A.3-1 Graphical illustration of the trapezoidal rule. 


If the abscissa values of the data points are spaced at equal intervals, then the trapezoidal rule 
simplifies to ^ 

1 = 2 ^ Vl + - V2 > + + >’ 3 ) + •*• + Ov,-! + y n )] 


Trapezoidal Rule—Equal Intervals: f y(x) dx - ^ ( yi + y n + 2 V yj ) (A.3-3) 

Jxi V ^ /] 

where h is the distance between the x values of adjacent data points. Observe that to use the 
trapezoidal rule, you need not plot anything—simply substitute the tabulated data into Equa¬ 
tion A.3-2 or (for equal spacing) Equation A.3-3. 

The trapezoidal rule is an approximation, as are all quadrature formulas. Figure A.3-1 
illustrates the nature of the error introduced by its use. The integral to be evaluated 

/ = ( b y(x)dx 
Ja 

is the area under the dashed curve of Figure A.3-1, while the trapezoidal rule. Equation A.3-2, 
would yield the area under the straight-line segments, which could differ significantly from the 
correct value of I. Note also, however, that if there were many more data points in the interval 
between a and b, the approximating series of lines would follow the dashed curve much more 
closely, and the estimate of the integral would accordingly be more accurate. 

A.3c Simpson’s Rule 

A second and more accurate quadrature formula is the one most often used. It is applicable 
only to an odd number of equally spaced data points and is based on fitting parabolic functions 
to successive groups of three points. 
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It can be shown after a fair amount of algebra that the area under a parabola through 
equally spaced points (xt, y t ), (x 2 , y 2 ), and (x 3 , y 3 ) is 


4> 


j(yi + 4y 2 + y 3 ) 


where h is the interval between successive x values. Consequently, the area under a series of 
such parabolas fitted to n equally spaced points is 


/ = 


3 [Oh + 4y 2 + y 3 ) + (v 3 + 4y 4 4 - y 5 ) + • 


• (yn-2 + 4v n _| 


+ y«)] 


Simpson's Rule: 



(A.3-4) 


If you happen to have an even number of data points, you may integrate over all but the first or 
last subinterval (omit whichever subinterval contributes least to the integral) using Simpson’s 
rule, and over the remaining subinterval using the trapezoidal rule. 


EXAMPLE A.3-1 • Simpson !s Rule 

The heat capacity of a gas is tabulated at a series of temperatures: 


T(°C) 

20 

50 

80 

110 

140 

170 

200 

230 

C p [J/(mol°C)] 

28.95 

29.13 

29.30 

29.48 

29.65 

29.82 

29.99 

30.16 


SOLUTION 


Calculate the change in enthalpy for 3.00 g-moles of this gas going from 20°C to 230°C. 

.-r-OT 

AH(J) = n C p dT 
J:irc 

The data points are evenly spaced in the independent variable ( T ), so that Simpson’s rule can be 
applied to the integration, but since there are an even number of points the trapezoidal rule must 
be applied over the first or last temperature interval. Since C p increases with temperature, we will 
apply the less accurate trapezoidal rule to the interval from 20°C to 50°C and use Simpson’s rule 
between 50°C and 230°C. If AT(- 30°C) is the temperature interval between data points, Equations 
A.3-3 and A.3-4 yield 


f r ° AT AT 

CpdT * -r-(C p i + Cp 2 ) + — [Cp2 -j- Cpt + MC pi +- Cp5 + Cpj) + 2(Cp4 + Cp6>] 

T, 1 4 

= 6208 J/mol 


I 


AH = (3.00 mol)(6208 J/mol) = 1.86 x 10 4 J 


The trapezoidal rule is exact if the function to be integrated is in fact linear in each interval 
between data points, while Simpson’s rule is exact if the real function is parabolic or cubic in 
each interval. (The latter point is far from obvious; for proof, see any reference on numerical 
analysis.) 
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A.3d Numerical Integration of Analytical Functions 

When you have an analytical expression for an integrand y(x) but you cannot perform the 
integration from x = a to x = & analytically, the procedure is to evaluate y at a series of values 
of x from a to b —that is, to generate a data table—and then to use a quadrature formula such 
as Simpson’s rule to estimate the integral. Now, however, you have the choice of the number 
of evaluations of y(x) to make. 

As a rule, the accuracy of a quadrature formula increases with the number of points in the 
interval of integration, but so does the required computation time. Choosing the number of 
points to provide a suitable combination of accuracy and low computation time can be done 
using sophisticated numerical analysis techniques, but simple trial and error often suffices very 
well. A common procedure is to evaluate the integral using (say) 9 points, then 17, then 33, and 
so on (fl new = 2n ojd - 1 ), until successively calculated values agree within a specified tolerance. 
The last value should be a good approximation to the exact value of the integral. 


TEST Suppose fix) - x 3 + 4. Evaluate f„ fix) dx: 

YOURSELF Jo M ' 

(Answers, p. 663) Analytically. 

2. Using the trapezoidal rule, with points at x = 0,1,2,3, 4 . 

3. Using Simpson’s rule, with points at x = 0,1, 2, 3, 4. Explain the relationship between 
the answers to 1 and 3. 
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'To convert Ml to kcal/mol, divide given value by 4.184; to convert to Blu/lb-mole, multiply 
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(red) 



Phosphorus P 4 123.90 1.82 44.2 2.51 280 49.71 

(white) 
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Table B3 Vapor Pressure of Water® 




p„(mm Hg) versus T{°C) 

Example: The vapor pressure of liquid water at 4.3°C is 6.230 

mm Hg 




r(°c) 

0.0 

0.1 

0.2 

0.3 

0.4 

0.5 

0.6 

0.7 

0.8 

0.9 

I 

-14 

1.361 

1.348 

1.336 

1.324 

1.312 

1.300 

1.288 

1.276 

1.264 

1.253 

f 

-13 

1.490 

1.477 

1.464 

1.450 

1.437 

1.424 

1.411 

1.399 

1.386 

1.373 

Ice 

-12 

1.632 

1.617 

1.602 

1.588 

1.574 

1.559 

1.546 

1.532 

1.518 

1.504 


-11 

1.785 

1.769 

1.753 

1.737 

1.722 

1.707 

1.691 

1.676 

1.661 

1.646 


-10 

1.950 

1.934 

1.916 

1.899 

1.883 

1.866 

1.849 

1.833 

1.817 

1.800 


-9 

2.131 

2.122 

2.093 

2.075 

2.057 

2.039 

2.021 

2.003 

1.985 

1.968 


-8 

2.326 

2.306 

2.285 

2.266 

2.246 

2.226 

2.207 

2.187 

2.168 

2.149 


—7 

2.537 

2.515 

2.493 

2.472 

2.450 

2.429 

2.408 

2.387 

2.367 

2.346 


-6 

2.765 

2.742 

2.718 

2.695 

2.672 

2.649 

2.626 

2.603 

2.581 

2.559 


— 

3.013 

2.987 

2.962 

2.937 

2.912 

2.887 

2.862 

2.838 

2.813 

2.790 


-4 

3.280 

3.252 

3.225 

3.198 

3.171 

3.144 

3.117 

3.091 

3.065 

3.039 


-3 

3.568 

' 3.539 

3.509 

3.480 

3.451 

3.422 

3.393 

3.364 

3.336 

3.308 


-2 

3.880 

3.848 

3.816 

3.785 

3.753 

3.722 

3.691 

3.660 

3.630 

3.599 


-1 

4.217 

4.182 

4.147 

4.113 

4.079 

4.045 

4.012 

3.979 

3.946 

3.913 


-0 

4.579 

4.542 

4.504 

4.467 

4.431 

4.395 

4.359 

4.323 

4.287 

4.252 

[ 

0 

4.579 

4.613 

4.647 

4.681 

4.715 

4.750 

4.785 

4.820 

4.855 

4.890 

f 

1 

4.926 

4.962 

4.998 

5.034 

5.070 

5.107 

5.144 

5.181 

5.219 

5.256 

Liquid 

2 

5.294 

5.332 

5.370 

5.408 

5.447 

5.486 

5.525 

5.565 

5.605 

5.645 

water 

3 

5.685 

5.725 

5.766 

5.807 

5.848 

5.889 

5.931 

5.973 

6.015 

6.058 


4 

6.101 

6.144 

6.187 

6.230 

6.274 

6.318 

6.363 

6.408 

6.453 

6.498 


5 

6.543 

6.589 

6.635 

6.681 

6.728 

6.775 

6.822 

6.869 

6.917 

6.965 


6 

7.013 

7.062 

7.111 

7.160 

7.209 

7.259 

7.309 

7.360 

7.411 

7.462 


7 

7.513 

7.565 

7.617 

7.669 

7.722 

7.775 

7.828 

7.882 

7.936 

7.990 


8 

8.045 

8.100 

8.155 

8.211 

8.267 

8.323 

8.380 

8.437 

8.494 

8.551 


9 

8.609 

8.668 

8.727 

8.786 

8.845 

8.905 

8.965 

9.025 

9.086 

9.147 


10 

9.209 

9.271 

9.333 

9.395 

9.458 

9.521 

9.585 

9.649 

9.714 

9.779 


11 

9.844 

9.910 

9.976 

10.042 

10.109 

10.176 

10.244 

10.312 

10.380 

10.449 


12 

10.518 

10.588 

10.658 

10.728 

10.799 

10.870 

10.941 

11.013 

11.085 

11.158 


13 

11.231 

11.305 

11.379 

11.453 

11.528 

11.604 

11.680 

11.756 

11.833 

11.910 


14 

11.987 

12.065 

12.144 

12.223 

12.302 

12.382 

12.462 

12.543 

12.624 

12.706 


15 

12.788 

12.870 

12.953 

13.037 

13.121 

13.205 

13.290 

13.375 

13.461 

13.547 


16 

13.634 

13.721 

13.809 

13.898 

13.987 

14.076 

14.166 

14.256 

14.347 

14.438 


17 

14.530 

14.622 

14.715 

14.809 

14.903 

14.997 

15.092 

15.188 

15.284 

15.380 


18 

15.477 

15.575 

15.673 

15.772 

15.871 

15.971 

16.771 

16.171 

16.272 

16.374 


19 

16.477 

16.581 

16.685 

16.789 

16.894 

16.999 

17.105 

17.212 

17.319 

17.427 


20 

17.535 

17.644 

17.753 

17.863 

17.974 

18.085 

18.197 

18.309 

18.422 

18.536 


21 

18.650 

18.765 

18.880 

18.996 

19.113 

19.231 

19.349 

19.468 

19.587 

19.707 


22 

19.827 

19.948 

20.070 

20.193 

20.316 

20.440 

20.565 

20.690 

20.815 

20.941 


23 

21.068 

21.196 

21.324 

21.453 

21.583 

21.714 

21.845 

21.977 

22.110 

22.243 


24 

22.377 

22.512 

22.648 

22.785 

22.922 

23.060 

23.198 

23.337 

23.476 

23.616 


"From R. H. Perry and C. H. Chilton, Eds., Chemical Engineers’ Handbook, 5th Edition. McGraw-Hill, New York, 1973, 
Tables 3-3 and 3-5. Reprinted by permission of McGraw-Hill Book Co. 
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Table B.3 (Continued) 


T(°C) 

0.0 

0.1 

0.2 

0.3 

0.4 

0.5 

0.6 

0.7 

0.8 

0.9 

25 

23.756 

23.897 

24.039 

24.182 

24.326 

24.471 

24.617 

24.764 

24.912 

25.060 

26 

25.209 

25.359 

25.509 

25.660 

25.812 

25.964 

26.117 

26.271 

26.426 

26.582 

27 

26.739 

26.897 

27.055 

27.214 

27.374 

27.535 

27.696 

27.858 

28.021 

28.185 

28 

28.349 

28.514 

28.680 

28.847 

29.015 

29.184 

29.354 

29.525 

29.697 

29.870 

29 

30.043 

30.217 

30.392 

30.568 

30.745 

30.923 

31.102 

31.281 

31.461 

31.642 

30 

31.824 

32.007 

32.191 

32.376 

32.561 

32.747 

32.934 

33.122 

33.312 

33.503 

31 

33.695 

33.888 

34.082 

34.276 

34.471 

34.667 

34.864 

35.062 

35.261 

35.462 

32 

35.663 

35.865 

36.068 

36.272 

36.477 

36.683 

36.891 

37.099 

37.308 

37.518 

33 

37.729 

37.942 

38.155 

38.369 

33.584 

38.801 

38.018 

39.237 

39.457 

39.677 

34 

39.898 

40.121 

40.344 

40.569 

40.796 

41.023 

41.251 

41.480 

41.710 

41.942 

35 

42.175 

42.409 

42.644 

42.880 

43.117 

43.355 

43.595 

43.836 

44.078 

44.320 

36 

44.563 

44.808 

45.054 

45.301 

45.549 

45.799 

46.050 

46.302 

46.556 

46.811 

37 

47.067 

47.324 

47.582 

47.841 

48.102 

48.364 

48.627 

48.891 

49.157 

49.424 

38 

49.692 

49.961 

50.231 

50.502 

50.774 

51.048 

51.323 

51.600 

51.879 

52.160 

39 

52.442 

52.725 

53.009 

53.294 

53.580 

53.867 

54.156 

54.446 

54.737 

55.030 

40 

55.324 

55.61 

55.91 

56.21 

56.51 

56.81 

57.11 

57.41 

57.72 

58.03 

41 

58.34 

58.65 

58.96 

59.27 

59.58 

59.90 

60.22 

60.54 

60.86 

61.18 

42 

61.50 

61.82 

62.14 

62.47 

62.80 

63.13 

63.46 

63.79 

64.12 

64.46 

43 

64.80 

65.14 

65.48 

65.82 

66.16 

66.51 

66.86 

67.21 

67.56 

67.91 

44 

68.26 

68.61 

68.97 

69.33 

69.69 

70.05 

70.41 

70.77 

71.14 

71.51 

45 

71.88 

72.25 

72.62 

72.99 

73.36 

73.74 

74.12 

74.50 

74.88 

75.26 

46 

75.65 

76.04 

76.43 

76.82 

77.21 

77.60 

78.00 

78.40 

78.80 

79.20 

47 

79.60 

80.00 

80.41 

80.82 

81.23 

81.64 

82.05 

82.46 

82.87 

83.29 

48 

83.71 

84.13 

84.56 

84.99 

85.42 

85.85 

86.28 

86.71 

87.14 

87.58 

49 

88.02 

88.46 

88.90 

89.34 

89.79 

90.24 

90.69 

91.14 

91.59 

92.05 

T(°C) 

0 

1 

2 

3 

4 

5 

6 

7 

8 

9 

50 

92.51 

97.20 

102.09 

107.20 

112.51 

118.04 

123.80 

129.82 

136.08 

142.60 

60 

149.38 

156.43 

163.77 

171.38 

179.31 

187.54 

196.09 

204.96 

214.17 

223.73 

70 

233.7 

243.9 

254.6 

265.7 

277.2 

289.1 

301.4 

314.1 

327.3 

3<fl.O 

80 

355.1 

369.7 

384.9 

400.6 

416.8 

433.6 

450.9 

468.7 

487.1 

506.1 

T(°C) 

0.0 

0.1 

0.2 

0.3 

0.4 

0.5 

0.6 

0.7 

0.8 

0.9 

90 

525.76 

527.76 

529.77 

531.78 

533.80 

535.82 

537.86 

539.90 

541.95 

544.00 

91 

546.05 

548.11 

550.18 

552.26 

554.35 

556.44 

558.53 

560.64 

562.75 

564.87 

92 

566.99 

569.12 

571.26 

573.40 

575.55 

577.71 

579.87 

582.04 

584.22 

586.41 

93 

588.60 

590.80 

593.00 

595.21 

597.43 

599.66 

601.89 

604.13 

606.38 

608.64 

94 

610.90 

613.17 

615.44 

617.72 

620.01 

622.31 

624.61 

626.92 

629.24 

631.57 

95 

633.90 

636.24 

938.59 

640.94 

643.30 

645.67 

648.05 

650.43 

652.82 

655.22 

96 

657.62 

660.03 

662.45 

664.88 

667.31 

669.75 

672.20 

674.66 

677.12 

679.69 

97 

682.07 

684.55 

687.04 

689.54 

692.05 

694.57 

697.10 

699.63 

702.17 

704.71 

98 

707.27 

709.83 

712.40 

714.98 

717.56 

720.15 

722.75 

725.36 

727.98 

730.61 

99 

733.24 

735.88 

738.53 

741.18 

743.85 

746.52 

749.20 

751.89 

754.58 

757.29 

100 

760.00 

762.72 

765.45 

768.19 

770.93 

773.68 

776.44 

779.22 

782.00 

784.78 

101 

787.57 

790.37 

793.18 

796.00 

798.82 

801.66 

804.50 

807.35 

810.21 

813.08 
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Table B.4 Antoine Equation Constants* 

B 

log 10 p - A - p‘ in mm Hg, T in °C 

Example: The vapor pressure of acetaldehyde at 25°C is determined as follows: 

log,oPUo(25"C) - 8.00552 - - 2.9551 

. * = 10 2 ' 9531 = 902 mm Hg 

Compound Formula Range (°C) ABC 


C 2 H 4 O -0.2 to 34.4 
C 2 H 4 0 2 29.8 to 126.5 

QRiO, 0 to 36 


Acetaldehyde 
Acetic acid 
Acetic acid* 

Acetic anhydride 
Acetone 
Acrviic acid 
Ammonia* 

Aniline 
Benzene 
n-Butane 
i -Butane 

1- Butanol 

2- Butanol 
1-Butene 
Butyric acid 
Carbon disulfide 
Carbon tetrachloride 
Chlorobenzene 
Chlorobenzene* 
Chlorobenzene* 
Chloroform 
Chloroform* 
Cyclohexane 
Cyclohexanol 
n-Decane 
1-Decene 

1.1- Dichloroethane 

1.2- Dichloroe thane 
Dichloromethane 
Diethyl ether 
Diethyl ketone 
Diethylene glycol 
Dimethyl ether 
Dimethylamine 
A.A-Dimethylformamide 
1,4-Dioxane 

Ethanol 

Ethanolamine 


C 4 H 6 Oj 

62.8 to 139.4 

c 3 h 6 o 

-12.9 to 55.3 

qh 4 o 2 

20.0 to 70.0 

nh 3 

-83 to 60 

c 6 h 7 n 

102.6 to 185.2 

c 6 h 6 

14.5 to 80.9 

«-C 4 Hio 

-78.0 to -0.3 

i -C 4 Hio 

-85.1 to-11.6 

QHkjO 

89.2 to 125.7 

C 4 HiqO 

72.4 to 107.1 

c 4 h 8 

-77.5 to -3.7 

c 4 h 8 o 2 

20.0 to 150.0 

c $ 2 

3.6 to 79.9 

cci 4 

14.1 to 76.0 

C 6 H 5 C1 

62.0 to 131.7 

c 6 h 5 ci 

Oto 42 

qh 5 ci 

42 to 230 

CHCI 3 

-10.4 to 60.3 

CHC1 3 

-30 to 150 

CsH I2 

19.9 to 81.6 

c 6 h 12 o 

93.7 to 160.7 

n-CioH 22 

94.5 to 175.1 

CioH 2 o 

86.8 to 171.6 

c 2 h 4 ci 2 

-38.8 to 17.6 

c 2 h 4 ci 

-30.8 to 99.4 

ch 2 ci 2 

-40.0 to 40 

C 4 HjoO 

-60.8 to 19.9 

C 5 H 10 O 

56.5 to 111.3 

C 4 H t 0 O 2 

130.0 to 243.0 

c 2 h 6 o 

-78.2 to -24.9 

c 2 h 7 n 

-71.8 to 6.9 

c 3 h 7 no 

30.0 to 90.0 

c 4 h 8 o 2 

20.0 to 105.0 

c 2 h 6 o 

19.6 to 93.4 

c 2 h 7 no 

65.4 to 170.9 


8.00552 

1600.017 

291.809 

7.38782 

1533.313 

222.309 

7.18807 

1416.7 

225 

7.14948 

1444.718 

199.817 

7.11714 

1210.595 

229.664 

5.65204 

648.629 

154.683 

7.55466 

1002.711 

247.885 

7.32010 

1731.515 

206.049 

6.89272 

1203.531 

219.888 

6.82485 

943.453 

239.711 

6.78866 

899.617 

241,942 

7.36366 

1305.198 

173.427 

7.20131 

1157.000 

168.279 

6.53101 

810.261 

228.066 

8.71019 

2433.014 

255.189 

6.94279 

1169.110 

241.593 

6.87926 

1212.021 

226.409 

6.97808 

1431.053 

217.550 

7.10690 

1500.0 

224.0 

6.94504 

1413.12 

216.0 

6.95465 

1170.966 

226.232 

6.90328 

1163.03 

227.4 

6.84941 

1206.001 

223.148 

6.25530 

912.866 

109.126 

6.95707 

1503.568 

194.738 

6.95433 

1497.527 

197.056 

6.97702 

1174.022 

229.060 

7.02530 

1271.254 

222.927 

7.40916 

1325.938 

252.616 

6.92032 

1064.066 

228.799 

7.02529 

1310.281 

214.192 

7.63666 

1939.359 

162.714 

6.97603 

889.264 

241.957 

7.08212 

960.242 

221.667 

6.92796 

1400.869 

196.434 

7.43155 

1554.679 

240.337 

8.11220 

1592.864 

226.184 

7.45680 

1577.670 

173.368 

7.10179 

1244.951 

217.881 

7.09808 

1238.710 

217.0 

6.98647 

1030.007 

238.612 

6.95650 

1423.543 

213.091 


Ethyl acetate 
Ethyl acetate* 
Ethyl chloride 
Ethylbenzene 


C 4 H 8 02 15.6 to 75.8 

C 4 H 8 0 2 -20 to 150 

QH 5 CI -55.9 to 12.5 

C 8 H 10 56.5 to 137.1 


“Adapted from T. Boublik, V. Fried, and E. Hala, The Vapour Pressures of Pure Substances , Elsevier. 
Amsterdam, 1973. If marked with an asterisk (*), constants are from Lange’s Handbook of Chemistry , 
9th Edition, Handbook Publishers, Inc., Sandusky, OH, 1956. 
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Table B,4 (Continued) 


Compound 

Formula 

Range (°C) 

A 

B 

C 

Ethylene glycol 

c 2 h 6 o 2 

50.0 to 200.0 

8.09083 

2088.936 

203.454 

Ethylene oxide 

C 2 H 40 

0.3 to 31.8 

8.69016 

2005.779 

334.765 

1,2-Ethylenediamine 

c 2 h 8 n 2 

26.5 to 117.4 

7.16871 

1336.235 

194.366 

Formaldehyde 

hcho 

-109.4 to-22.3 7.19578 

970.595 

244.124 

Formic acid 

ch,o 2 

37.4 to 100.7 

7.58178 

1699.173 

260.714 

Glycerol 

c 3 h 8 o 3 

183.3 to 260.4 

6.16501 

1036.056 

28.097 

n-Heptane 

«-c 7 h !6 

25.9 to 99.3 

6.90253 

1267.828 

216.823 

i -Heptane 

i -C 7 H 16 

18.5 to 90.9 

6.87689 

1238.122 

219.783 

1-Heptene 

C 7 H,4 

21.6 to 94.5 

6.91381 

1265.120 

220.051 

n -Hexane 

n-C(, Ht 4 

13.0 to 69.5 

6.88555 

1175.817 

224.867 

i - Hexane 

i- QH U 

12.8 to 61.1 

6.86839 

1151.401 

228.477 

1-Hexene 

QH l2 

15.9 to 64.3 

6.86880 

1154.646 

226.046 

Hydrogen Cyanide 

HCN 

-16.4 to 46.2 

7.52823 

1329.49 

260.418 

Methanol 

CHiOH 

14.9 to 83.7 

8.08097 

1582.271 

239.726 

Methanol* 

CHjOH 

-20 to 140 

7.87863 

1473.11 

230.0 

Methyl acetate 

c 3 h 6 o 2 

1.8 to 55.8 

7.06524 

1157.630 

219.726 

Methyl bromide 

CH 3 Br 

-70.0 to 3.6 

7.09084 

1046.066 

244.914 

Methyl chloride 

CH 3 CI 

-75.0 to 5.0 

7.09349 

948.582 

249.336 

Methyl ethyl ketone 

c 4 h 8 o 

42.8 to 88.4 

7.06356 

1261.339 

221.969 

Methyl isobutyl ketone QHi 2 0 

21.7 to 116.2 

6.67272 

1168.408 

191.944 

Methyl methacrylate 

c 5 h 8 o 2 

39.2 to 89.2 

8.40919 

2050.467 

274.369 

Methylamine 

ch 5 n 

-83.1 to -6.2 

7.33690 

1011.532 

233.286 

Methylcyclohexane 

c 7 h 14 

25.6 to 101.8 

6.82827 

1273.673 

221.723 

Naphthalene 

c 10 h 8 

80.3 to 179.5 

7.03358 

1756.328 

204.842 

Nitrobenzene 

c 6 h 5 no 2 

134.1 to 210.6 

7.11562 

1746.586 

201.783 

Nitromethane 

ch 3 no 2 

55.7 to 136.4 

7.28166 

1446.937 

227.600 

n-Nonane 

rt-C<}H 2 o 

70.3 to 151.8 

6.93764 

1430.459 

201.808 

1-Nonene 

c 9 h 18 

66.6 to 147.9 

6.95777 

1437.862 

205.814 

n -Octane 

n-CgHig 

52.9 to 126.6 

6.91874 

1351.756 

209.100 

i -Octane 

i -CgHig 

41.7 to 118.5 

6.88814 

1319.529 

211.625 

1 -Octene 

c 8 H 16 

44.9 to 122.2 

6.93637 

1355.779 

213.022 

n -Pentane 

n-C 5 H t2 

13.3 to 36.8 

6.84471 

1060.793 

231.541 

i -Pentane 

t -C 3 H t2 

16.3 to 28.6 

6.73457 

992.019 

229.564 

1-PentanoI 

c 5 h 12 o 

74.7 to 156.0 

7.18246 

1287.625 

161.330 

1-Pentene 

C S H 10 

12.8 to 30.7 

6.84268 

1043.206 

233.344 

Phenol 

c 6 h,o 

107.2 to 181.8 

7.13301 

1516.790 

174.954 

1 -Propanol 

c 3 h 8 o 

60.2 to 104.6 

7.74416 

1437.686 

198.463 

2-Propanol 

C 3 HgO 

52.3 to 89.3 

7.74021 

1359.517 

197.527 

Propionic acid 

c 3 h 6 o 2 

72.4 to 128.3 

7.71423 

1733.418 

217.724 

Propylene oxide 

c 3 h 6 o 

-24.2 to 34.8 

7.01443 

1086.369 

228.594 

Pyridine 

C 5 H 5 N 

67.3 to 152.9 

7.04115 

1373.799 

214.979 

Styrene 

CgHg 

29.9 to 144.8 

7.06623 

1507.434 

214.985 

Toluene 

c 7 h 8 

35.3 to 111.5 

6.95805 

1346.773 

219.693 

1 .1,1-Trichloroethane 

c 2 h 3 ci 3 

-5.4 to 16.9 

8.64344 

2136.621 

302.769 

1 ,1,2-Trichloroethane 

c 2 h 3 ci 3 

50.0 to 113.7 

6.95185 

1314.410 

209.197 

Trichloroethylene 

c 2 hci 3 

17.8 to 86.5 

6.51827 

1018.603 

192.731 

Vinyl acetate 

c 4 h 6 o 2 

21.8 to 72.0 

7.21010 

1296.130 

226.655 

Water* 

h 2 o 

0 to 60 

8.10765 

1750.286 

235.000 

Water* 

h 2 o 

60 to 150 

7.96681 

1668.210 

228.000 

w-Xylene 

m-CgHto 

59.2 to 140.0 

7.00646 

1460.183 

214.827 

-Xylene 

<?-C 8 Hio 

63.5 to 145.4 

7.00154 

1476.393 

213.872 

p -Xylene 

p-CgHto 

58.3 to 139.3 

6.98820 

1451.792 

215.111 
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Table B.5 Properties of Saturated Steam: Temperature Table" 


r(°c) 

P(bar) 

iTm 

Vkg) 

t7 (kJ/kg) 


tf(kJAkg) 


Water 

Steam 

Water 

Steam 

Water 

Evaporation 

Steam 

0.01 

0.00611 

0.001000 

206.2 

zero 

2375.6 

+0.0 

2501.6 

2501.6 

2 

0.00705 

0.001000 

179.9 

8.4 

2378.3 

8.4 

2496.8 

2505.2 

4 

0.00813 

0.001000 

157.3 

16.8 

2381.1 

16.8 

2492.1 

2508.9 

6 

0.00935 

0.001000 

137.8 

25.2 

2383.8 

25.2 

2487.4 

2512.6 

8 

0.01072 

0.001000 

121.0 

33.6 

2386.6 

33.6 

2482.6 

2516.2 

10 

0.01227 

0.001000 

106.4 

42.0 

2389.3 

42.0 

2477.9 

2519.9 

12 

0.01401 

0.001000 

93.8 

50.4 

2392.1 

50.4 

2473.2 

2523.6 

14 

0.01597 

0.001001 

82.9 

58.8 

2394.8 

58.8 

2468.5 

2527.2 

16 

0.01817 

0.001001 

73.4 

67.1 

2397.6 

67.1 

2463.8 

2530.9 

18 

0.02062 

0.001001 

65.1 

75.5 

2400.3 

75.5 

2459.0 

2534.5 

20 

0.0234 

0.001002 

57.8 

83.9 

2403.0 

83.9 

2454.3 

2538.2 

22 

0.0264 

0.001002 

51.5 

92.2 

2405.8 

92.2 

2449.6 

2541.8 

24 

0.0298 

0.001003 

45.9 

100.6 

2408.5 

100.6 

2444.9 

2545.5 

25 

0.0317 

0.001003 

43.4 

104.8 

2409.9 

104.8 

2442.5 

2547.3 

26 

0.0336 

0.001003 

41.0 

108.9 

2411.2 

108.9 

2440.2 

2549.1 

28 

0.0378 

0.001004 

36.7 

117.3 

2414.0 

117.3 

2435.4 

2552.7 

30 

0.0424 

0.001004 

32.9 

125.7 

2416.7 

125.7 

2430.7 

2556.4 

32 

0.0475 

0.001005 

29.6 

134.0 

2419.4 

134.0 

2425.9 

2560.0 

34 

0.0532 

0.001006 

26.6 

142.4 

2422.1 

142.4 

2421.2 

2563.6 

36 

0.0594 

0.001006 

24.0 

150.7 

2424.8 

150.7 

2416.4 

2567.2 

38 

0.0662 

0.001007 

21.6 

159.1 

2427.5 

159.1 

2411.7 

2570.8 

40 

0.0738 

0.001008 

19.55 

167.4 

2430.2 

167.5 

2406.9 

2574.4 

42 

0.0820 

0.001009 

17.69 

175.8 

2432.9 

175.8 

2402.1 

2577.9 

44 

0.0910 

0.001009 

16.04 

184.2 

2435.6 

184.2 

2397.3 

2581.5 

46 

0.1009 

0.001010 

14.56 

192.5 

2438.3 

192.5 

2392.5 

2585.1 

48 

0.1116 

0.001011 

13.23 

200.9 

2440.9 

200.9 

2387.7 

2588.6 

50 

0.1234 

0.001012 

12.05 

209.2 

2443.6 

209.3 

2382.9 

2592.2 

52 

0.1361 

0.001013 

10.98 

217.7 

2446 

217.7 

2377 

2595 

54 

0.1500 

0.001014 

10.02 

226.0 

2449 

226.0 

2373 

2599 

56 

0.1651 

0.001015 

9.158 

234.4 

2451 

234.4 

2368 

2602 

58 

0.1815 

0.001016 

8.380 

242.8 

2454 

242.8 

2363 

2606 

60 

0.1992 

0.001017 

7.678 

251.1 

2456 

251.1 

2358 

2609 

62 

0.2184 

0.001018 

7.043 

259.5 

2459 

259.5 

2353 

2613 

64 

0.2391 

0.001019 

6.468 

267.9 

2461 

267.9 

2348 

2616 

66 

0.2615 

0.001020 

5.947 

276.2 

2464 

276.2 

2343 

2619 

68 

0.2856 

0.001022 

5.475 

284.6 

2467 

284.6 

2338 

2623 


“From R. W. Haywood, Thermodynamic Tables in SI (Metric) Units, Cambridge University Press, 
London, 1968. V = specific volume, 0 = specific internal energy, and H = specific enthalpy. Note: 
kJ/kg X 0.4303 = Btu/lb m . 
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Table B.S (Continued) 


r(°C) 

P(bar) 

P(m 3 

/kg) 

£/ (kJ/kg) 


//(kJ/kg) 


Water 

Steam 

Water 

Steam 

Water 

Evaporation 

Steam 

70 

0.3117 

0.001023 

5.045 

293.0 

2469 

293.0 

2333 

2626 

72 

0.3396 

0.001024 

4.655 

301.4 

2472 

301.4 

2329 

2630 

74 

0.3696 

0.001025 

4.299 

309.8 

2474 

309.8 

2323 

2633 

76 

0.4019 

0.001026 

3.975 

318.2 

2476 

318.2 

2318 

2636 

78 

0.4365 

0.001028 

3.679 

326.4 

2479 

326.4 

2313 

2639 

80 

0.4736 

0.001029 

3.408 

334.8 

2482 

334.9 

2308 

2643 

82 

0.5133 

0.001030 

3.161 

343.2 

2484 

343.3 

2303 

2646 

84 

0.5558 

0.001032 

2.934 

351.6 

2487 

351.7 

2298 

2650 

86 

0.6011 

0.001033 

2.727 

360.0 

2489 

360.1 

2293 

2653 

88 

0.6495 

0.001034 

2.536 

368.4 

2491 

368.5 

2288 

2656 

90 

0.7011 

0.001036 

2.361 

376.9 

2493 

377.0 

2282 

2659 

92 

0.7560 

0.001037 

2.200 

385.3 

2496 

385.4 

2277 

2662 

94 

0.8145 

0.001039 

2.052 

393.7 

2499 

393.8 

2272 

2666 

96 

0.8767 

0.001040 

1.915 

402.1 

2501 

402.2 

2267 

2669 

98 

0.9429 

0.001042 

1.789 

410.6 

2504 

410.7 

2262 

2673 

100 

1.0131 

0.001044 

1.673 

419.0 

2507 

419.1 

2257 

2676 

102 

1.0876 

0.001045 

1.566 

427.1 

2509 

427.5 

2251 

2679 
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Table B.7 Properties of Superheated Steam a 


i >( bar ) 

( 7 W * C ) 

Sat'd 

Water 

Sat'd 

Steam 

Temperature PC )—* 

50 75 

100 

150 

200 

250 

300 

350 

0.0 

ft - 

— 

2595 

2642 

2689 

2784 

2880 

2978 

3077 

3177 

(—) 

0 — 

9 — 


2446 

2481 

2517 

2589 

2662 

2736 

2812 

2890 

0.1 

ft 191.8 

2584.8 

2593 

2640 

2688 

2783 

2880 

2977 

3077 

3177 

( 45 . 8 ) 

ft 191.8 

2438.0 

2444 

2480 

2516 

2588 

2661 

2736 

2812 

2890 


V 0.00101 

14.7 

14.8 

16.0 

17.2 

19.5 

21.8 

24.2 

26.5 

28.7 

0.5 

ft 340.6 

2646.0 

209.3 

313.9 

2683 

2780 

2878 

2979 

3076 

3177 

( 81 . 3 ) 

0 340.6 

2484.0 

209.2 

313.9 

2512 

2586 

2660 

2735 

2811 

2889 


9 0.00103 

3.24 

0.00101 

0.00103 

3.41 

3.89 

4.35 

4.83 

5.29 

5.75 

1.0 

ft 417.5 

2675.4 

209.3 

314.0 

2676 

2776 

2875 

2975 

3074 

3176 

( 99 . 6 ) 

0 417.5 

2506.1 

209.2 

313.9 

2507 

2583 

2658 

2734 

2811 

2889 


9 0.00104 

1.69 

0.00101 

0.00103 j 

1.69 

1.94 

2.17 

2.40 

2.64 

2.87 

5.0 

ft 640.1 

2747.5 

209.7 

314.3 

419.4 

632.2 

2855 

2961 

3065 

3168 

( 151 . 8 ) 

0 639.6 

2560.2 

209.2 

313.8 

418.8 

631.6 

2643 

2724 

2803 

2883 


V 0.00109 

0.375 

0.00101 

0.00103 

0.00104 

0.00109 

0.425 

0.474 

0.522 

0.571 

10 

ft 762.6 

2776.2 

210.1 

314.7 

419.7 

632.5 

2827 

2943 

3052 

3159 

( 179 . 9 ) 

ft 761.5 

2582 

209.1 

313.7 

418.7 

631.4 : 

2621 

2710 

2794 

2876 


P ' 0.00113 

0.194 

0.00101 

0.00103 

0.00104 

0.00109 

0.206 

0.233 

0.258 

0.282 

20 

ft 908.6 

2797.2 

211.0 

315.5 

420.5 

633.1 

852.6 

2902 

3025 

3139 

( 212 . 4 ) 

0 906.2 

2598.2 

209.0 

313.5 

418.4 

603.9 

850.2 

2679 

2774 

2862 


9 0.00118 

0.09950 

0.00101 

0.00102 

0.00104 

0.00109 

0.00116 

0.111 

0.125 

0.139 

40 

ft 1087.4 

2800.3 

212.7 

317.1 

422.0 

634.3 

853.4 

1085.8 

2962 

3095 

( 250 . 3 ) 

0 1082.4 

2601.3 

208.6 

313.0 

417.8 

630.0 

848.8 

1080.8 

2727 

2829 


9 0.00125 

0.04975 

0.00101 

0.00102 

0.00104 

0.00109 

0.00115 

0.00125 

0.0588 

0.0665 

60 

ft 1213.7 

2785.0 

214.4 

318.7 

423.5 

635.6 

854.2 

1085.8 

2885 

3046 

( 275 . 6 ) 

0 1205.8 

2590.4 

208.3 

312.6 

417.3 

629.1 

847.3 

1078.3 

2668 

2792 


9 0.00132 

0.0325 

0.00101 

0.00103 

0.00104 

0.00109 

0.00115 

0.00125 i 

0.0361 

0.0422 

80 

ft 1317.1 

2759.9 

216.1 

320.3 

425.0 

636.8 

855.1 

1085.8 

2787 

2990 

( 295 . 0 ) 

0 1306.0 

2571.7 

208.1 

312.3 

416.7 

628.2 

845.9 

1075.8 

2593 

2750 


V 0.00139 

0.0235 

0.00101 

0.00102 

0.00104 

0.00109 

0.00115 

0.00124 j 

0.0243 

0.0299 

100 

ft 1408.0 

2727.7 

217.8 

322.9 

426.5 

638.1 

855.9 

1085.8 

1343.4 

2926 

( 311 . 0 ) 

0 1393.5 

2547.3 

207.8 

311.7 

416.1 

627.3 

844.4 

1073.4 

1329.4 

2702 


V 0.00145 

0.0181 

0.00101 

0.00102 

0.00104 

0.00109 

0.00115 

0.00124 

0.00140 

0.0224 

150 

ft 1611.0 

2615.0 

222.1 

326.0 

430.3 

641.3 

858.1 

1086.2 

1338.2 

2695 

( 342 . 1 ) 

0 1586.1 

2459.9 

207.0 

310.7 

414.7 

625.0 

841.0 

1067.7 

1317.6 

! 2523 


9 0.00166 

0.0103 

0.00101 

0.00102 

0.00104 

0.00108 

0.00114 

0.00123 

0.00138 

1 0.0115 

200 

ft 1826.5 

2418.4 

226.4 

330.0 

434.0 

644.5 

860.4 

1086.7 

1334.3 

1647,1 

( 365 . 7 ) 

ft 1785.7 

2300.8 

206.3 

309.7 

413.2 

622.9 

837.7 

1062.2 

1307.1 

1613.7 


9 0.00204 

0.005875 

0.00100 

0.00102 

0.00103 

0.00108 

0.00114 

0.00122 

0.00136 

0.00167 

221 . 2 ( P .) 

ft 2108 

2108 

228.2 

331.7 

435.7 

645.8 

861.4 

1087.0 

1332.8 

1635.5 

( 374 . 15 )( r t ) 

ft 2037.8 

2037.8 

206.0 

309.2 

412.8 

622.0 

836.3 

1060.0 

1302.9 

1600.3 


9 0.00317 

0.00317 

0.00100 

0.00102 

0.00103 

0.00108 

0.00114 

0.00122 

0.00135 

0.00163 

250 

ft - 

_ 

230.7 

334.0 

437.8 

647.7 

862.8 

1087.5 

1331.1 

1625.0 

(—) 

ft _ 

— 

205.7 

308.7 

412.1 

620.8 

834.4 

1057.0 

1297.5 

1585.0 


9 — 

— 

0.00100 

0.00101 

0.00103 

0.00108 

0.00113 

0.00122 

0.00135 

0.00160 

300 

ft — 

— 

235.0 

338.1 

441.6 

650.9 

865.2 

1088.4 

1328.7 

1609.9 

(-) 

ft — 


205.0 

307.7 

410.8 

618.7 

831.3 

1052.1 

1288.7 

1563.3 


V — 

— 

0.0009990 

0.00101 

0.00103 

0.00107 

0.00113 

0.00121 

0.00133 

0.00155 

500 

ft _ 

— 

251.9 

354.2 

456.8 

664.1 

875.4 

1093.6 

1323.7 

1576,3 

(—) 

0 — 

— 

202.4 

304.0 

405.8 

611.0 

819.7 

1034.3 

1259.3 

1504.1 


V — 

— 

0.0009911 

0.00100 

0,00102 

0.00106 

0.00111 

0.00119 

0.00129 

0.00144 

1000 

a ~ 

— 

293.9 

394.3 

495.1 

698.0 

903.5 

1113.0 

1328.7 

1550.5 

(—) 

0 — 


196.5 

295.7 

395.1 

594.4 

795.3 

999.0 

1207.1 

1419.0 


9 — 

— 

0.0009737 

0.0009852 

0.001000 

0.00104 

0.00108 

0.00114 

0.00122 

0.00131 


“Adapted from R. W. Haywood, Thermodynamic Tables in SI (Metric) Units, Cambridge University Press, London, 1968. 
Water is a liquid in the enclosed region between 50°C and 350°C. H = specific enthalpy (ki/kg), U = specific internal energy 
(kj/kg), V = specific volume (m 3 /kg). Note: kJ/kg x 0.4303 = Btu/lb ra . 


( continued) 
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Table B.7 (Continued) 


/’( bar ) Temperature (° C ) — 




400 

450 

500 

550 

600 

650 

700 

750 

0.0 

H 

3280 

3384 

3497 

3597 

3706 

3816 

3929 

4043 

(-) 

u 

9 

2969 

3050 

3132 

3217 

3303 

3390 

3480 

3591 

0.1 

H 

3280 

3384 

3489 

3596 

3706 

3816 

3929 

4043 

( 45 . 8 ) 

0 

2969 

3050 

3132 

3217 

3303 

3390 

3480 

3571 


V 

21.1 

33.3 

35.7 

38.0 

40.3 

42.6 

44.8 

47.2 

0.5 

H 

3279 

3383 

3489 

3 S 96 

3705 

3816 

3929 

4043 

( 81 . 3 ) 

0 

2969 

3049 

3132 

3216 

3302 

3390 

3480 

3571 


9 

6.21 

6.67 

7.14 

7.58 

8.06 

8.55 

9.01 

9.43 

1.0 

H 

3278 

3382 

3488 

3596 

3705 

3816 

3928 

4042 

( 99 . 6 ) 

0 

2968 

3049 

3132 

3216 

3302 

3390 

3479 

3570 


V 

3.11 

3.33 

3.57 

3.80 

4.03 

4.26 

4.48 

4.72 

5.0 

a 

3272 

3379 

3484 

3592 

3702 

3813 

3926 

4040 

( 151 . 8 ) 

u 

2964 

3045 

3128 

3213 

3300 

3388 

3477 

3569 


9 

0.617 

0.664 

0.711 

0.758 

0.804 

0.850 

0.897 

0.943 

10 

H 

3264 

3371 

3478 

3587 

3697 

3809 

3923 

4038 

( 179 . 9 ) 

0 

2958 

3041 

3124 

3210 

32 % 

3385 

3475 

3567 


V 

0.307 

0.330 

0.353 

0.377 

0.402 

0.424 

0.448 

0.472 

20 

fi 

3249 

3358 

3467 

3578 

3689 

3802 

3916 

4032 

( 212 . 4 ) 

V 

2946 

3031 

3115 

3202 

3290 

3379 

3470 

3562 


9 

0.151 

0.163 

0.175 

0.188 

0.200 

0.211 

0.223 

0.235 

40 

fi 

3216 

3331 

3445 

3559 

3673 

3788 

3904 

4021 

( 250 . 3 ) 

0 

2922 

3011 

3100 

3188 

3278 

3368 

3460 

3554 


9 

0.0734 

0.0799 

0,0864 

0.0926 

0.0987 

0.105 

0.111 

0.117 

60 

fi 

3180 

3303 

3422 

3539 

3657 

3774 

3892 

4011 

( 275 . 6 ) 

0 

2896 

2991 

3083 

3174 

3265 

3357 

3451 

3545 


9 

0.0474 

0.0521 

0.0566 

0.0609 

0.0652 

0.0693 

0.0735 

0.0776 

80 

fi 

3142 

3274 

3399 

3520 

3640 

3759 

3879 

4000 

( 295 . 0 ) 

0 

2867 

2969 

3065 

3159 

3252 

3346 

3441 

3537 


9 

0.0344 

0.0382 

0.0417 

0.0450 

0.0483 

0.0515 

0.0547 

0.0578 

100 

fi 

3100 

3244 

3375 

3500 

3623 

3745 

3867 

3989 

( 311 . 0 ) 

0 

2836 

2946 

3047 

3144 

3240 

3335 

3431 

- 3528 


V 

0.0264 

0.0298 

0.0328 

0.0356 

0.0383 

0.0410 

0.0435 

0.0461 

150 

fi 

2975 

3160 

3311 

3448 

3580 

3708 

3835 

3962 

( 342 . 1 ) 

0 

2744 

2883 

2999 

3105 

3207 

3307 

3407 

3507 


9 

0.0157 

0.0185 

0.0208 

0.0229 

0.0249 

0.0267 

0.0286 

0.0304 

200 

fi 

2820 

3064 

3241 

3394 

3536 

3671 

3804 

3935 

( 365 . 7 ) 

0 

2622 

2810 

2946 

3063 

3172 

3278 

3382 

3485 


V 

0.009950 

0.0127 

0.0148 

0.0166 

0.0182 

0.197 

0.211 

0.0225 

221.2 .(/»,) 

fi 

2733 

3020 

3210 

3370 

3516 

3655 

3790 

3923 

( 374 . 15 )( 7 V ) 

0 

2553 

2776 

2922 

3045 

3157 

3265 

3371 

3476 


9 

0.008157 

0.0110 

0.0130 

0.0147 

0.0162 

0.0176 

0.0190 

0.0202 

250 

fi 

2582 

2954 

3166 

3337 

3490 

3633 

3772 

3908 

(-) 

u 

2432 

2725 

2888 

3019 

3137 

3248 

3356 

3463 


9 

0.006013 

0.009174 

0.0111 

0.0127 

0.0141 

0.0143 

0.0166 

0.0178 

300 

a 

2162 

2826 

3085 

3277 

3443 

3595 

3740 

3880 

(„) 

0 

2077 

2623 

2825 

2972 

3100 

3218 

3330 

3441 


V 

0.002830 

0.006734 

0.008680 

0.0102 

0.0114 

0.0126 

0.0136 

0.0147 

500 

fi 

1878 

2293 

2723 

3021 

3248 

3439 

3610 

3771 

(~) 

u 

179 ! 

2169 

2529 

2765 

2946 

3091 

3224 

3350 


9 

0.001726 

0.002491 

0.003882 

0.005112 

0.006112 

0.007000 

0.007722 

0.008418 

1000 

fi 

1798 

2051 

2316 

2594 

2857 

3105 

3324 

3526 

(-) 

0 

1653 

1888 

2127 

2369 

2591 

2795 

2971 

3131 


9 

0.001446 

0.001628 

0.001893 

0.002246 

0.002668 

0.003106 

0.003536 

0.003953 
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Table B.8 Specific Enthalpies of Selected Gases: SI Units 



//(kJ/mol) 

Reference state: Gas, P Kf = 1 atm, T ref = 

25°C 


T 

Air 

o 2 

n 2 

h 2 

CO 

co 2 

H 2 0 

0 

-0.72 

-0.73 

-0.73 

-0.72 

-0.73 

-0.92 

-0.84 

25 

0.00 

0.00 

0.00 

0.00 

0.00 

0.00 

0.00 

10ft 

2.19 

2.24 

2.19 

2.16 

2.19 

2.90 

2.54 

200 

5.15 

5.31 

5.13 

5.06 

5.16 

7.08 

6.01 

300 

8.17 

8.47 

8.12 

7.96 

8.17 

11.58 

9.57 

400 

11.24 

11.72 

11.15 

10.89 

11.25 

16.35 

13.23 

500 

14.37 

15.03 

14.24 

13.83 

14.38 

21.34 

17.01 

600 

17.55 

18.41 

17.39 

16.81 

17.57 

26.53 

20.91 

700 

20.80 

21.86 

20.59 

19.81 

20.82 

31.88 

24.92 

800 

24.10 

25.35 

23.86 

22.85 

24.13 

37.36 

29.05 

900 

27.46 

28.89 

27.19 

25.93 

27,49 

42.94 

33.32 

1000 

30.86 

32.47 

30.56 

29.04 

30.91 

48.60 

37.69 

1100 

34.31 

36.07 

33.99 

32.19 

34.37 

54.33 

42.18 

1200 

37.81 

39.70 

37.46 

35.39 

37.87 

60.14 

46.78 

1300 

41.34 

43.38 

40.97 

38.62 

41.40 

65.98 

51.47 

1400 

44.89 

47.07 

44.51 

41.90 

44.95 

71.89 

56.25 

1500 

48,45 

50.77 

48.06 

45.22 

48.51 

77.84 

61.09 


Table B.9 Specific Enthalpies of Selected Gases: 

American Engineering Units 


H (Btu/lb-mole) 

Reference state: Gas, F ref = 1 atm, T tel - 

77°F 


r 

Air 

o 2 

n 2 

H, 

CO 

C0 2 

H,0 

32 

-312 

-315 

-312 

-310 

-312 

-394 

-361 

77 

0 

0 

0 

0 

0 

0 

0 

100 

160 

162 

160 

159 

160 

206 

185 

200 

858 

875 

857 

848 

859 

1132 

996 

300 

1563 

1602 

1558 

1539 

1564 

2108 

1818 

400 

2275 

2342 

2265. 

2231 

2276 

3129 

2652 

500 

2993 

3094 

2976 

2925 

2994 

4192 

3499 

600 

3719 

3858 

3694 

3621 

3720 

5293 

4359 

700 

4451 

4633 

4418 

4319 

4454 

6429 

5233 

800 

5192 

5418 

5150 

5021 

5195 

7599 

6122 

900 

5940 

6212 

5889 

5725 

5945 

8790 

7025 

1000 

6695 

7015 

6635 

6433 

6702 

10015 

7944 

1100 

7459 

7826 

7399 

7145 

7467 

11263 

8880 

1200 

8230 

8645 

8151 

7861 

8239 

12533 

9831 

1300 

9010 

9471 

8922 

8581 

9021 

13820 

10799 

1400 

9797 

10304 

9699 

9306 

9809 

15122 

11783 

1500 

10590 

11142 

10485 

10035 

10606 

16436 

12783 

1600 

11392 

11988 

11278 

10769 

11409 

17773 

13798 

1700 

12200 

12836 

12080 

11509 

12220 

19119 

14831 

1800 

13016 

13691 

12888 

12254 

13036 

20469 

15877 

1900 

13837 

14551 

13702 

13003 

13858 

21840 

16941 

2000 

14663 

15415 

14524 

13759 

14688 

23211 

18019 
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Table B.I0 Atomic Heat Capacities 
for Kopp’s Rule" 


C^jfJ/(g-atom- 0 C)] 


Element 

Solids 

Liquids 

C 

7.5 

12 

H 

9.6 

18 

B 

11 

20 

Si 

16 

24 

O 

17 

25 

F 

21 

29 

P 

23 

31 

S 

26 

31 

All Others 

26 

33 


“D. M. Himmelblau. Basic Principles and 
Calculations in Chemical Engineering, 3rd 
Edition. Prentice-Hall. Englewood Cliffs. 
NJ, 1974. p. 270. 


Table B.11 Integral Heats of Solution and Mixing at 25°C 


r(mol H 2 0/mol solute) 

(A/L)hcu 8 ) 

kj/mol HC1 

(A«s)NaOH(s) 

kj/mol NaOH 

(A7/ m ) H , S o 4 
kJ/mol H 2 S0 4 

0.5 

— 

_ 

-15.73 

1 

-26.22 

— 

-28.07 

1.5 

— 

— 

-36.90 

2 

-48.82 

— 

-41.92 

3 

-56.85 

-28.87 

-48.99 

4 

-61.20 

-34.43 

-54.06 

5 

-64.05 

-37.74 

-58.03 

10 

-69.49 

-42.51 

-67.03 

20 

-71.78 

-42.84 

_ 

25 

— 

— 

-72.30 

30 

-72.59 

-42.72 

_ 

40 

-73.00 

-42.59 

_ 

50 

-73.26 

-42.51 

-73.34 

100 

-73.85 

-42.34 

-73.97 

200 

-74.20 

-42.26 

_ 

500 

-74.52 

-42.38 

-76.73 

1000 

-74.68 

-42.47 

-78.57 

2000 

-74.82 

-42.55 

_ 

5000 

-74.93 

-42.68 

-84.43 

10000 

-74.99 

-42.72 

-87.07 

50000 

-75.08 

-42.80 


100000 

-75.10 

_ 

-93.64 

500000 

_ 

— 

-95.31 

GO 

-75.14 

-42.89 

-96.19 


“From J. C. Whitweil and R. K. Toner. Conservation of Mass and Energy, pp. 344-346. 
Copyright © 1969 by McGraw-Hill, Inc. Used with permission of McGraw-Hill. 
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ANSWERS TO TEST YOURSELVES 


P-9 

1. A ratio of equivalent values of a quantity expressed in dif¬ 
ferent units. 

2. (60 s)/ (1 min) 

3. (1 min 2 )/ (3600 s 2 ) 

4. (1 m 3 )/(10 6 cm 3 ) 

p.ll 

1. (a) (1000 mm)/(1 m); (b) (10~ 9 s)/(l ns); 

<c) (1 m 2 )/(10 4 cm 2 ); (d) (1 m 3 )/(35.3145 ft 3 ); 

(e) (9.486 x 10- 4 Btu/s)/(1.341 x 10~ 3 hp) 

2. m/s; cm/s; ft/s 

p.13 

L 2 N; (2/32.174) lb f 

2. No 

3. 1 kg; same; less 

4. 2 lb m ; same; less 

p. 15 

1. (a) 1.22 x 10 4 (3 s.£); (b) 1.22000 x 10 4 (6 s.f.); 

(c) 3.040 X 10~ 3 (4 s.f.) 

2. (a) 134,000 (3 s.£); (b) 0.01340 (4 s.f.); (c) 4200 (3 s.f.) 

3. (a) 3 si.; (b) 2 s.f.; (c) 3 si., 11.2; (d) 2 si., 12 

4. (a) 1460; (b) 13.4; (c) 1.76 X 10" 7 

5. (a) 4.25-4.35; (b) 4.295-4.305; 

(c) 2.7775 x 10" 3 -2.7785 x 10“ 3 ; 

(d) 2450-2550; (e) 2499.5-2500.5 

p. 18 

1. Breakdowns, routine or unplanned shutdowns, or in¬ 
stalling new equipment in the second week. (Many other 
possibilities exist.) 

2. 35.5 or 35 batches/week. 

3. 40 batches/week. The second week was clearly abnormal 
and shouldn’t influence the prediction. 

P-19 

1. V = 237.4 cm 3 /s, range = 21 cm 3 /s, .s 2 =66.3 cm 6 /s 2 , 

= 8.1 cm 3 /s 

2. V = 237.4 cm 3 /s ± 16.2 cm 3 /s 

p. 22 

1. All additive terms have the same dimensions. No. Yes. 

2. m~ 2 • s~ 2 


3. A multiplicative combination of factors with no net units; 
st 2 lr or r/st 2 . 

4. a(lbf); Q is dimensionless. 

p. 23 

1. Substitute in Equation 2.7-1. 

2. Correct; too high; too low; too low. 

p.27 

1. y - a(x 2 - 2) 

2. (b) Plot 1 / v versus (x - 3) 2 : a - slope, b = intercept. 

(c) Plot >’ 3 versus . t 2 ; a — slope, b = —intercept. 

(d) Plot Jxj sin y versus x: a = slope, b = imercepi. 

(e) Plot In v versus x: b = ln(y,/ y-) (,r : - x : i. 

In a = lnyi -bx\,a — e 1 ' 1 ". 

(f) Plot in v versus In.r: b = ln (>’2 y,) .r hlnc = 

lnyi - bln.t!, a - e lno . 

P* 29 

1. (a) P = at + b\ (b) P = a^‘\ 

(c) P = at h \ (d) v 2 = 3 + aexp(b .r- ): 

(e) \jF = a{t z - 4)*. 

2. (a) P versus t on a semilog paper: 

(b) P versus t on log paper. 

(c) P 2 versus r 3 on semilog paper; 

(d) 1 / P (or P ) versus (t - 4) on log paper. 

p. 44 

1. Dimensionless. 

2. 0.50 g/cm 3 ; 2.0 cm 3 /g; 31 lb m /ft 3 ; 1.5 g; 36 trn- 

3. Yes. 

4. No—possibly different reference densities usee for each. 
5- PH 2 Oh) < Pi 1,0(1); PNBA(s) > PNBA(l) 

6. When T rises, the mercury in the thermometer expercs. 
At higher temperatures the same mass thus tccmpiei a 
greater volume, meaning that the density of mercury = 
m/V) decreases. 

p. 46 

1. 10.0cm 3 /s 

2. 159.5 g/min 

3. Same; same; greater at outlet. 

p. 47 

L 100 mL/min; 100 g/min 
2. Flowmeters—see Figure 3.2-1. 

*55 
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3. Too low (the gas is much less dense, so it must flow at a 
much higher rate than the liquid to raise the float to the 
same position). 

p. 49 

1. (a) 6,02 x 10 23 molecules; 

(b) M grams 

2. The molecular weight of the species expressed in tons. 

3. (a) 1 lb-mole, 2 Ib m 
(b) 2 lb-moles. 2 lb m 

4. 2000 

5 . 50 kmol/h 

p. 52-a 

1. (a) 80/81; (b) 0.5 

2. 0.25 lb m A/lb m ; 0.75 lb ra B/lb m ; 0.333 mole A/mole; 0.667 
mole B/mole; 100 lb m A/min; 100 lb-moles B/min; 400 
Ibm/min; 150 !b-moles/min 

p. 52-b 

L n/V (mol/L) 

2. nM/V (g/L) 

3. (20/Ca) (L) 

4. (120 c A ) g/h 

p. 54 

1. x = 125 x 10 -9 kg C 6 H 5 OH/kg liquid (or g/g or lb m /Ib m ) 

2. 0.125 mg C 6 H 5 OH 

3. 125 x 10“ 6 g CsHsOH/L. (Solution density = 1 kg/L.) 

p. 56-a 

1. See Figures 3.4-1 and 3.4-2 and Equation 3.4-2. 

2. The fluid pressure is higher at the bottom than at the top 
(hydrostatic head effect). No. Maybe. Yes. (The answers 
depend on how large the tank is.) 

3. No. Convert 1300 mm Hg to (say) dynes/cm 2 , then multi¬ 
ply by 4 cm 2 to calculate F(dynes). 

4. 79 mm Hg 

p. 56-b 

1. No 

2. Pressure relative to a vacuum; pressure relative to atmo¬ 
spheric pressure. 

3. 735 mm Hg (absolute); 20 mm Hg of vacuum. 

4. 4 in. Hg; 33.9 in. Hg 

p. 59 

1. See Figure 3.4-3; 0-7000 atm; gauge. 

2. See Figure 3.4-4. 


3. (a) True; (b) true; (c) false 

4. -14mmHg 

p. 62 

1. Immerse in ice-water mixture, mark mercury level as 0°. 
Immerse in boiling water, mark level as 100°. Divide 0 to 
100 interval into 100 equal subintervals, label appropri¬ 
ately. 

2. rc 

3. 1°C 

p. 84 

1. Semibatch, transient 

2. Batch, transient 

3. Semibatch, transient 

4. (a) Continuous, transient; 

(b) continuous, steady state 

p. 89 

3. Steady-state, either no reactions or no net mole change 
on reaction (e.g., A-*B but not A->2B or A + B-+C). 

4. Steady-state, A is nonreactive. 

5. Steady-state, no density change from inlet to outlet. 
(Good approximation for liquids and solids, effectively 
requires no reactions and constant temperature and pres¬ 
sure for gases.) 

p. 93 

2. rhj = 250(1 - 4/60 

3. n = (75)(1.595)/(154) 

4. m = 50 + m dg ; m co = 0.25m dg ; y = 0.75m dg /(50 + m dg ) 

p. 95 

1. (atoms) in = (atoms) 0Ut for each atomic species; multi¬ 
ply all stream amounts by a constant factor; an assumed 
amount of an input or output stream. 

2. (a) Flow rates are 1000, 20,000, and 21,000 (all kmol/h), 

mole fractions are unchanged. 

(b) Flow rates are 200,100, and 100 (all lb m /min), mass 
fractions are unchanged. 

p. 98 

1. H-^SlbJ* = (llb m + 41b m ) out ;0 2 :(51b m ) in = (41b m + 

1 lb m )ou t ; total mass: (10 Ib m )m = (10 lb m ) out . 

2. Balance on B, solve for mi; balance on C, solve forx; total 
mass balance, solve for m 2 - 

p. 117 

1. Yes 

2. 4 
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3. (4 moles H 2 O produced)/ (6 moles O? consumed) 

4. (400)(6)/ (4) — 600 

5. 200 mol/min 

p. 119 

1- C 2 H 4 

2 . 100 % 

3. 50 kmol 0 2 ; 100 kmol C 2 H 4 0:50 kmol 

4. 50 kmol C 2 H 4 ; 75 kmol 0 2 ; 50 kmol C 2 H 4 0; 25 kmol 

5. 0.80; 0.40; 40 kmol 

p. 125 

1. 0.90 

2 . 80% 

3. 16 mol B/mol C 

4. 80 mol. 10 mol 

p. 128 

1. Three independent molecular species (C 2 H 4 , C 4 H g , N 2 ), 
Two independent atomic species (N and either C or H). 

2. (a) CHu + 20 2 C0 2 + 2H 2 0 

(b) CH 4 + |0 2 -* CO + 2H 2 0 

(c) C 2 H 6 + j 0 2 -* 2C0 2 + 3H 2 0 

(d) C 2 H fi + |0 2 — 2CO + 3H 2 0 

Since (b) can be obtained as (a) - \ [(c) - (d)] (verify), the 
four equations are not independent. 

p. 134 

1 . 60 mol; 0.60 

2. 120 mol; 0.48 

3. 40 mol CH* = 100 mol CH 4 - £ =? £ = 60 mol 

130 mol 0 2 = 250 mol 0 2 - 24 /= 60 mol 

60 mol C0 2 = 0 mol 0 2 + £ => £ = 60 mol 

4. Four molecular species balances (CH 4 , 0 2 , C0 2 , H 2 0). 
Three atomic species balances (C, H, O). 

5. (b) I = O. (250)(2) mol O in = [(130)(2) + (60)(2) + 

( 120 )( 1 )] mol O out 

(c) I = O + C. 250 mol 0 2 in = 130 mol 0 2 out + 120 
mol O? consumed 

(d) G = 0.120 mol H 2 0 generated = 120 mol H 2 0 out 

(e) I = O. (100)<4) mol H in = [(40)(4) + (120)(2)] mol 
Rout 

p. 135 

1. Overall = 100/110 = 0.909 mol A consumed/mol A fed; 
single pass = 100/200 = 0.500 mol A consumed/mol A 
fed. 

p. 138 

1 . Overall conversion = 0.833 (83.3%), single-pass 

conversion = 0.25 (25%). 


2. Customers want B, not a mixture that contains mostly A. 
Makes no sense to pay for 200 mol of A (fresh feed) and 
then discard 140 mol of it. 

3. C would keep building up in the system. Take off a purge 
stream from the recycle. 

4. The cost of the reactor that would be required to achieve 
an 83.3% conversion in a single pass could be much 
greater than the cost of the separation and recycle equip¬ 
ment. 

p. 145 

1 . 21% 0 2) 79% N 2 ; 79/21 = 3.76 moles N 2 /mole O, 

2. 25% H 2 , 25% 0 2 ,50% H 2 0; 50% H 2 ,50% 0 2 

3. 20:0.95; 5/95 = 0.0526 

p. 146 

1 . 200 mol 0 2 /h 

2 . 200 mol 0 2 /h 

3. (4.76 x 200) mol air/h 

4. (2 x 4.76 x 200) mol air/h 

5. 50% 
p. 190 

1. 255 cm 3 /s. If T is raised, mass flow rate remains constant 
but volumetric flow rate increases slightly. Look up the 
density of liquid water at 75°C and divide it into 200 g/s. 

2. P h = pgh. and pn g varies with temperature. The differ¬ 
ence would be extremely slight. 

, ,, 1 m? m„ 

3. V, ol = — + — + 

Pi P2 Pn 

1 - + m 1 + _ A + *2 + 

P "hoi Him Pi HitotPl Pi P2 

p. 193 

1. A relation between absolute pressure, specific volume, 
and absolute temperature of a substance. PV = RT. High 
T.lowP. 

2 . (c), (e). The mass and mass density of C0 2 are each 
greater by a factor (MW COj /MWh 2 ) = 22 . 

3. fa) and (c). 

■ _ hRT _ m RT 
P MW ~P 

Let E denote ethylene and B denote butene. Mffg = 
2 MW => V E = 2V' B . 

V = RT P, which is the same for B and E. 

Mass density; p = ih/V = ( MW)P/RT => p B = 2p E 

4. RT P = [0.08206 L-atm/(mol-K)](200 K)/(20 atm) = 
0.8206 L/mol < 5 L/mol. From Equation 5.2-3, the error 
is likely to be greater than 1 %. 

p. 196 

1. See Table 5.2-1. 

2. F new = Y.id- 2; V new = 2V old 
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3. Decreases (n is unchanged, V increases); nothing 

4. (a) 

p. 197 

1. (b),(d) 

2. 5 bar; 50 m 3 ; pn 2 increases, vh, is unchanged. 

3. Greater than 

p. 200 

1. Vapor 

2. (a) P* < P b ; (b) p va ? Pv b ; (c) pi a > pi b 

3. Gas. Supercritical fluid. 

p. 206 

1. The equation to determine V for given values of T and P 
is a cubic equation. 

2. Critical temperature and pressure (Table B.l), Pitzer 
acentric factor (Table 5.3-1). 

3. (b), (a), (c) 

p. 210 

1. No; T, = (-190)/ (T c + 8), P r = 300,/(P c + 8), look up z 
on chans, calculate V = znRT/P. 

2. Need a different chart for each species. 

3. Seep. 207. 

p. 212 

See Example 5.3-4. Nonpolar compounds with similar critical 
properties. 

p. 238 

1. Distillation. The naphthas come off from the top of the 
column, the lubricating oils from the bottom, and the 
heating oils from the middle. 

2. Evaporation, filtration, centrifugation 

3. Evaporation, reverse osmosis (membrane filtration at 
high pressure) 

4. Condensation, absorption; 5. Adsorption. 

p. 243 

1. — 5’C, 3 mm Hg 

2. -56.6°C. 5.112 atm 

3. All C0 2 solidifies at 1 atm, solid melts at 9.9 atm, and 
-56°C, liquid boils at 9.9 atm and -40°C. 

4. 1 atm; 9.9 atm 

5. ~78.5°C; -56°C, -40°C; 6. No 

p. 246 

1. Cox chart (Figure 6.1-4); Antoine equation (Equation 
6.1-4) 


2. Plot p" versus 1 / F abso(ute . on semilog paper, draw line 
through points, and extrapolate to l/r 4 . 

3. The plot is more likely to be linear on the Cox chart, 
p. 249 

1. Eq. 6 . 2-1 

2. (a) 2; (b) 2; (c) 4; (d) 3 
p. 253 

1. Yes; yes. 

2. 200 mm Hg; 760 mm Hg; 200/960; look up or calculate 
the temperature at which p* cetone = 960 mm Hg. 

3. (a) The temperature to which a gas must be cooled be¬ 

fore any constituent condenses; superheated, satu¬ 
rated. 

(b) ?h,o = Ph 2 o(7o)/ p o 0 ) nothing; (ii) condense; 

(iii) condense: (iv) nothing 

( c ) PmoC^dp) = .'HjoPo- Look up the temperature at 
which the vapor pressure is Ph 2 o- 

(d) T dp = T 0 - r sh ; }>h 2 o = PhjoC 7 #)/ Pq- 

p. 254 

1 . 82°C 

2. 50% 

3. s m = 0.111, Jp = 44.4% 

p. 258 

1. Raoult’s law: p A = x A p A , where jc a is the mole fraction 
of A in the liquid phase; most likely to be valid as x A -+ 
1 . 0 . 

2 . Henry’s law: p A = x A H A \ most likely to be valid when 
x A -* 0. 

3. A solution for which either Raoult’s law or Henry’s law is 
obeyed for all species at all solution compositions. 

4. Henry’s law for x c02 and p C Oj, Raoult’s law for jr H .o 
and ph 2 o- Look up Henry’s law constant for C0 2 ( Perry’s 
Chemical Engineers’ Handbook, 7th Edition, p. 2-125) 
and vapor pressure of H 2 0 (Table B.3 of this book). 

p. 264 

1. The temperature at which the first bubble of vapor forms 
if the liquid is heated at the given pressure. The temper¬ 
ature at which the first drop of liquid forms if the vapor 
mixture is cooled at the given pressure. 

2. 92°C; 0.70 mol benzene/mol (from Figure 6.4-la) 

3. 99°C; 0.30 mol benzene/mol (from Figure 6.4-la); de¬ 
creases 

4. Increase (see Equation 6.4-4); increase (see Equation 
6.4-6) 

5. The hydrostatic head of the liquid must be added to the 
pressure at the liquid surface. Convert 5 ft of water to atm, 
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add it to 1 atm. and look up the boiling point of water at 
the corrected pressure. 

6. The nonlinear equations cannot be solved explicitly for /. 

p. 268 

1. 380 g. The added salt will not remain undissolved. 

2. 55°C. Increasing quantities of KN0 3 crystals precipitate 
(come out of solution). 

3. See p. 267. Magnesium sulfate tetrahydrate. 

4 120.4/138.4 = 0.870 

5. Above 40°C the crystals that precipitate are hydrated 
salts. 

p. 270 

1. A solution property that depends only on concentration, 
and not what the solute and solvent are. Vapor pressure, 
boiling point, and freezing point. 

2. 850 mm Hg. Solute is nonvolatile, nondissociative, and 
nonreactive with the solvent; Raoult’s law holds. 

3. Greater.^* = (1000 mm Hg)/0.85 — 1176 mm Hg. 

4. It lowers the freezing point of water, so it keeps ice 
from forming at temperatures where it would otherwise 
form. 

5. Antifreeze lowers the freezing point and raises the boiling 
point of water, so the radiator is less likely to freeze in 
winter and to boil in summer. 

p. 273 


p. 316 

1. Kinetic, potential, internal; heat, work 

2. Heat is oniy defined in terms of energy being transferred. 

3. Ei + Q-W = E { 

p. 318 

1. The mass flow rates are the same; p ou uet < Pinietl 

^outlet - > Vi n ]et • 

Z AEp > 0, AE k > 0 

p. 319 

1. Closed system: no mass crosses system boundaries. 

Open system: mass crosses system boundaries. 

Adiabatic system: no heat transferred to or from system. 

2. Q = 250 J 
W = -250 J 

3. AU = -SOkcal 

4. If the substance is a liquid or a solid, or a gas under nearly 
ideal conditions, it is reasonable to neglect the depen¬ 
dence of U on pressure. 

p. 321 

1 - = V M 

2. P m > P 0l)t 

p. 322 

1. 6000 cal 


1. See definition at bottom of p. 271. Extraction is transfer¬ 
ence of a solute from one liquid solvent to another. 

2. Less soluble; my A mw 

p. 274 


1. A tie line connects compositions of two phases in equilib¬ 
rium. 


2. H20-rich phase—95.0% H 2 O, 2.5% acetone, 
MIBK; MIBK-rich phase—92.5% MIBK, 2.5% 
5.0% acetone. Mass ratio of MIBK phase to 


phase = 


0.950 - 0.450 
0.450 - 0.025 


1.18. 


2.5% 

h 2 o, 

h 2 o 


p. 278 


1. In absorption a gas species dissolves in a liquid; in ad¬ 
sorption a gas or liquid species adheres to the surface of 
a solid. 

2. An adsorbate is a species adhering to the surface of a solid 
adsorbent. 

3. Concentration equals partial pressure times a constant 
(and vice versa). 

4. Toxic species in the air are adsorbed on the surface of the 
carbon. Nonactivated carbon has much less surface area 
so the mask would become saturated in much less time. 


2. lOOOcal/min 

3. The specific volume and pressure: ft = 0 + PV 

p. 324 

1. W s = 0 

2 . Q = 0 

3. A£ k = 0 

4. AE P = 0 

p. 327 

1. A property whose change of value in any process depends 
only on its initial and final states and not on the path be¬ 
tween them. 

2. (a) 0; 

(b) 5000 J/kg; 

(c) AH = tf A (v, 0°C, 1 atm) - J? A (v, 30°C, 1 atm) 

= (5000 J/kg - 7500 J/kg) = -2500 J/kg 
(e) No —ft is a state property. 

p. 337 

1. Incompressible fluid, negligible heat transfer, and no in¬ 
ternal energy changes due to anything but friction. 

2. Above, plus no friction or shaft work. 
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p. 359 

H = -2751 kJ/kg. 0 = -2489 kJ/kg. 

p. 361 

2. Lower P isothermally to 1 atm, cool at 1 atm to 80.7°C, 
condense at 80.7°C and 1 atm, cool liquid at 1 atm to 25°C, 
raise pressure to 5 atm. 

3. Keeping pressure constant at 1 atm, cool water to 25°C, 
dissolve NaOH in water at 25°C, raise solution to 50°C. 

4. Keeping pressure constant at 1 atm, cool 0 2 to 25°C, mix 
Oj and CH 4 at 25°C, carry out reaction at 25°C, raise prod¬ 
uct gas to 300°C. 

p. 366 

1. (a) ii; (b) i: (c) iii 

2. Determine z for Q H 6 at each of the system conditions. 
If z is close to 1 for both states, it may be reasonable to 
neglect AH. 

p. 368 

1. C v = (dU:dT) v , 
c„ = ( dH/dT)p 

2 . (a) exact; 

(b) inaccurate; 

(c) good approximation 

3. AH = (5 g)[0.5 cal/(g-°C)](20°C) = 50 cal 

p. 371 

1. 28.5 J/(mol°C) 

2. 5 cal/(mol-°C); 7 cal/(mol-°C) 

3. (a) 22.44 kJ/mol; 

(b) -25.78 kJ/mol; 

(c) -2.22 x 10 5 Btu/'h (Neglect pressure effects.) 

p. 373 

1. CaCCh(s): C p = 26 + 7.5 + 3(17) = 84.5 J/(mol-°C) 

2. AH = {(2 kg) [2.5 kJ/(kg-°C)] 

+ (1 kg)(1.8 kJ/(kg-°C))}(10°C) = 68 kJ 
AH = 68 kJ/3 kg = 23 kJ/kg 

3. AH = 25 cal/g 

4- (CV) mixture = [(0.50)0.00) + (0.50)(0.54)J cal/g = 

0.77 cal/g 

p. 381 

1. Yes; no 

2. (a) 0; (b) 900J/mol 

(c) Cool the vapor to 75°C; condense at 75°C; cool the 
liquid to 25°C. 

3. A0 f ~ 5500 cal/mol 

AU V = AH V - RT = 26,710 cal/mol 


p. 382 

1. Equation 8.4-3 

2. Equation 8.4-4 

3. From Equation 8.4-6, slope of line is - A H v /R. 

4. From Equation 8.4-7, slope of tangent to curve at p* = 1 
atm is ~AH V :R. 

5. Equation 8.4-8 

6. AH v (T 2 ) = ] C p idT + AH,(T\) + C pv dT 

p. 392 

Air at 25°C, k r = 20% ==> h 3 = 0.0040 kg H,0/kg dry air; 

T W b = 12.5°C;7d P = 0.5°C; V*h = 0.85 m 3 /kg dry air, 

H - (35.00 - 0.27) kJ/kg dry air = 34.73 kJ/kg dry air 

p. 395 

1. (a) (Cp)g as , (Cp^quid, and (A// V )| iqu , d are independent of 

temperature, and the enthalpy change of unevapo¬ 
rated liquid is small compared to the heat of vapor¬ 
ization and the enthalpy of the gas. 

(b) Yes; (c) no 

2 . r as = ll 0 O. h 3 = 0.0069 kg H 2 OZkg dry air; 

h r = 70%; H = (31.60-0.06) kJ/kg dry air = 31.54 kJ/kg 
dry air 

p. 397 

1. (a) H = -40 kJ/mol A; (b) H = 20 kJ/mol A 

2. Q = AH = (5)(-40) kJ = -200 kJ (evolved) 

3. Q = 5(-60 + 40) kJ = -100 kJ (evolved) 

p. 402 

1* -97 Btu/lb m solution 

2. 77°F (the reference temperature for H 2 SO 4 ) 

3. 190°F. 65 wt% H 2 SO 4 . (Highest temperature on a line be¬ 
tween the feed points.) 

4. (a) -60 Btu/lbm solution, (b) 30 Btu/lb m solution. The 
heat of solution at 77°F (or the energy required to heat the 
solution from 77°F to its adiabatic mixing temperature of 
about 195°F). 

p. 406 

1. 130°F, 0.15 

2. 600 Btu/lb ra 

3. Vapor fraction * (0.50 - 0.18)/(0.88 - 0.18) = 0.46 

p. 441 

2 . The second sentence is wrong and the first sentence is 
correct, but only if the reactants and products are at the 
same temperature. The energy released by the breaking 
of reactant bonds and forming of product bonds must be 
transferred from the reactor to keep the products at the 
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same temperature; otherwise it remains in the reactor and 
raises the product temperature. If the reactor is adiabatic, 
the products at the higher temperature would be at the 
same energy level as the reactants at the lower tempera¬ 
ture. 

p. 445 

1. //products ~ //reactants when stoichiometric quantities of re¬ 
actants are fed, the reaction proceeds to completion, and 
reactants and products are at the same temperature and 
pressure. As above, with reactants and products at 25°C 
and 1 atm. 

2. (a) -20 kJ/tnol A reacted; (b) exothermic; (c) withdrawn; 
(d) higher 

3. The latent heat of vaporization of QHh at25°Cand I atm 

4. At/ r ( T) = A H r (T) + 2 RT 

5. A H c = \ Vi \Hi - V \v,\H, 

products reactants 

In general, //, = 0, + PVj; for liquids and solids, //, ~ 
and for ideal gases, PV t - RT, so that H , = U t + RT. To 
obtain the desired result, substitute for Hi in the expres¬ 
sion for A H r , and recognize that 

a u, = ]T to I Oi - X tolft 

products reactants 

p. 447 

1. See last paragraph of Section 9.2. 

2. Multiply Equation 2 by -2 and add the result to Equa¬ 
tion 1 

2A + B - 2A - 2D -* 2C - 2C - 6E 

I 

B + 6E — 2D, A// r - A// r j - 2A// r2 = 3000 kJ/mol 

p. 448 

1. The formation reaction of CO is C + jCb -* CO, so the 
heat of formation is -i times the heat of the given re¬ 
action, or -110.5 kJ/mol. (This checks with the value in 
Table B.l.) 

2. The heat of vaporization of propane at 25°C. 

3. A H° = (A// ( °) CO j + 2{A// f 0 ) H ,o(v) - (A//°) C h 4 

p. 464 

1. (a) A// f °(soln, n = 50) = (A H f ) A - 100 - 10 

= -110 kJ/mol A 

(b) A//°(soln, n = «) = -115 kJ/mol A 

2. (a) H(25°C) = -110 kJ/mol A 
(b) H (25°C) = -550 kJ 

p, 466 

1. LHV = 2658 kJ/mol 

HHV = 2658 kJ/mol + 5(44.013 kJ/mol) 

= 2878 kJ/mol 


2. HHV = (0.40)(143 kJ/g) + (0.60)(55 kJ/e) 

= 90.2 kJ/g 

3. For coal: 

($150/ton)(l lb ltl /l5.000 Btu)(l ton/2000 lb m ) 

* 5.0 x 10~ 6 S/Btu 

For natural gas: 

x($/ton)(l ton/2000 lb m )(l lb m /23,000 Btu) 


= 5.0 x 10“ 6 S/Btu 


x - $230/ton 

p. 469 

1. The product temperature when the fuel is burned com¬ 
pletely in an adiabatic reactor. 

2. Heat loss through reactor walls, incomplete reaction. 

3. With an air feed, the heat released from combustion of 
a fixed amount (say, 1 mol) of fuel goes into heating the 
nitrogen in the air as well as the reaction products and 
excess oxygen, whereas only the latter must be heated for 
a pure O? feed. If a fixed quantity of heat is added to a 
greater amount of material, the resulting temperature rise 
must be less. 

p. 471 

1. (a) Ignition—abrupt increase in the rate of an oxidation 

reaction. 

(b) Ignition temperature—the temperature at which ig¬ 
nition occurs when a combustible mixture is heated 
slowly. 

(c) Ignition lag—time between a mixture reaching its ig¬ 
nition temperature and the occurrence of ignition. 

(d) Flammability limits—composition limits outside of 
which ignition or explosion cannot occur. 

(e) Flash point of a liquid — temperature at which a liq¬ 
uid gives off enough vapor to form an ignitable mix¬ 
ture with the air above the liquid surface. 

2. (a) An explosion or ignition; no reaction would occur. 

(b) Yes; the reaction would cease. 

(c) There is a region between the emerging jet (pure 
methane) and the bulk of the room air (almost no 
methane) within which the methane fraction falls be¬ 
tween the flammability limits. The flame persists in 
this region. 

p. 473 

1. A flame is a combustion zone in which various species un¬ 
dergo transitions from states of high energy to states of 
lower energy. The energy lost in the transitions is given 
off as visible light. 

2, In low-temperature flames, which occur when the fuel and 
oxygen are not well mixed, carbon particles are formed 
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and remain unburned, but the heat in the reaction zone 
raises them to a temperature at which they glow incan- 
descently. The result is a yellow flame. At higher com¬ 
bustion temperatures, various intermediate species are 
formed and excited to high-energy states, and emit blue 
light as they return to lower states. The result is a blue 
flame. 

3, In a detonation, a pressure front (shock wave) forms 
and propagates at supersonic speed, rapidly compress¬ 
ing and igniting the flammable mixture and giving the 
appearance of an instantaneous combustion. In the 
vicinity of the detonation, the force of the shock wave 
can demolish a building or propel a bullet. The noise 
is the vibration of the eardrums caused by the shock 
wave. 


" (2 - ' )d ' =» I’ T^-y - [c - >)*< 


p. 560 


- ln (2 - y)][ 2t - ~ 

i—) = 2t - ~ 
2 ~yJ 2 


2 —~v j ~ ex P (2r — — 


' y = 2 - exp^- 2 r + ^ j 


4. The rate of the reaction depends strongly on temperature; 
at room temperature it is immeasurably low. 

p. 507 

1. (a)l;(b)x! 

2. Ten variables (flows of A, B, C, and D at inlet, A, B, and C 
in vapor product, and B, C, and D in liquid product) - 4 
balances (A, B, C, and D) - 2 relations (given split of B 
equilibrium relation for C) - 4 degrees of freedom. 

p. 510 

1. Mixer—3, separator—4 

2. 5 degrees of freedom (7 local degrees of freedom — 2 

p. 548 

1. (a) Accumulation, input, output (although the mass 

ance will yield the result that accumulation = 0 ) 

(b) all but generation; 

(c) accumulation, output, consumption 

2 . dm/dt = 10 kg/h - lOkg/h = Okg/h 
p. 551 


1. Neglect changes in E k and £ p ; no mass accumulation; 0 
and H independent of P; no phase changes or chemical 
reactions; no spatial variations in T: constant C v and C p . 

2. When the expression for £/,„ is differentiated to yield 
Equation 11.3-9, if C„ varies with temperature (and hence 
with time) another term of the form M(T iys - TMdCjdt) 
would have to be added. 

p. 609 

1. -1,+2 

2. The line for which the sum of the squares of the residuals 
is a minimum. 

3. Yes. (Corollary—no.) 

4. Positive and negative deviations from the line would can¬ 
cel out, possibly making a terrible fit look good. 

p. 611 

1. Linear 

2 . Nonlinear 

3. Nonlinear 

4. (a) Linear; (b) nonlinear 


1 . dy = (2 - t)dt => I"dy = f ( 2 - t)dt 

Ji Jo 


■ y = 1 + 2t ■ 


. dy 

2. = dt ■ 

2-y 


= * 


v dy 
, 2 -y 

-ln( 2 ->.)]>’ = t 


5. (a) Linear (multiply equation by z ); (b) nonlinear; 

(c) linear 

p. 612 

1. A straight line on a plot off versus x can only intersect 
the x axis at one point. 

2 , One root. (The intersection of a 45° line through the origin 
with a curve that begins at 1 when x = 0 and decreases, 
approaching 0 as x approaches infinity.) 


==4> In 



_ t 


==> 



==> y = 2 - e~' 


p. 613 

L (a) x = 4 and * = 0; (b) x p = 15/4; x n = 5. Converge 
to x = 4. 

2 . The equation for a line on an / versus x plot 
through (x f n ) and (*,,/,) is / = /„ + [(/, - f n )j 
\ x p -tn)](x x„ ). The intercept of this line on the x 

axis, which we will call x new , is obtained by setting / = 0 
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and solving the resulting equation for x. The result is 
Equation A.2-1. 

p. 615 

1. Yes. No. You can solve for the roots directly. 

2. The value of /'(-*o) would be 0, and the correction term 
///' would blow up. 

p. 617 

1. (a) Modified successive substitution; (b) successive sub¬ 
stitution; (c) acceleration 

2. 13.6 


p. 618 

1. 2.60 

2. A line on an/ versus x plot through (2.2.3) and (2 J. 2.45) 
intersects the 45° line at x = 2.60. 

p. 626 

1. SO 

2. 84 

3. 80. The function is cubic, so Simpson's rule is exact. 
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ANSWERS TO SELECTED PROBLEMS 


CHAPTER TWO 

2. (c) 120 hp 
6. 4.3 x 10 s miles 
8. (b) 2.6 kg 
10. 25 m 3 

14. (b) 0.135 m/ s- 

18. (a) s T = 2.3°C 

20. (a) s x = 2.2 

24. la) 88.8 cm/s (or 0.888 m/s) 

26. (b) 1.13 g/cm 3 

28. <b) t(C = 0.1 moi/L) = 1.12 min (extrapolated), 1.70 
min (exact) 

30. (d) xy = 2e 3v x 

32. (b) 109 kg/h 

34. (a) k = 93 X 10~ 3 min” 1 

36. k = 1.573 (dimensionless). Answer may vary slightly. 
38. (b) Runs 1,2,3, 4 3 b = 0.52. Answer may vary 
slightly. 

40. (c) t = 209.5 h 

42. (b) For Lab 1, k = 0.0062 s' 1 

44. a = 6.536 

CHAPTER THREE 

2. (b) 360 lb m /ft 3 
4. $68.42 in France 
6. (a) 445 L 
8. (SG)solution = 1.5 
10. (b) 1.00X 10 3 N 
12. (b) 4.6 kg Ue/h 
14. (f) 1.08 x 10 6 g C 
16. (b) 8715 lb m /h 
18. 0.300 g CaCCL/g suspension 
20. (c) 3.84 x 10" 5 kg CaSO* 

22. (a) SG = 0.903 
24. 0.917 g/cm 3 

26. (a) Sample 1:15.6 mole% CH 4 , 6.2 wt% CH 4 

28. (c) 87.7 s 

30. 0.155 g 

32. (e) 0.737 atm 

36. P = 32.9 psi 

38. (b) F min = 2.0 X 10 5 N 

40. P at m = 775 mm Hg 


42. (a) It = 400 cm 3 /? waIer = 646 cm 

44. (b) 6.54 psig 

46. (a) 393 mm Hg 

48. (c) 153°F 

50. (b) 3.26°C/s 

52. (b) 2.6 lb m CO 

54. At 94°C, k = 0.707 L/(mol • min) 

CHAPTER FOUR 

4. (d) .vo 2 = 0.21 + in) 

6. (b) Two unknowns must be specified 
8. (c) .22 (22%) of the large eggs are broken 
10. 207 gal. 

12. (b) 5.80 x 10 3 mol CH 3 OH/h 

14. (a) 6480 Ib-moles/h 

16. <b) 2.96 L 20% solution/L 60% solution 

18, <b) $8.8 X lOVVear 

20. (a) 1.2 x 10" 3 mol H 2 0(v)/mol 

22. (c) v> = 0.20. /«p = 100.0 =► « A = 3.29. n B = 1.10 

24. (b) velocity = 8.33 m/s 

26. (c) 423 kg SCWmin removed from feed gas 

28. 3 balances on overall system. 2 on Unit 1 

30. (c) 39.8% salt in the effluent from the 4 ih evaporator 

32. (b) 28.6 kg of 42% concentrate 

34. (b) Recycle ratio = 1.60 

36. (b) 9.71 kg C 6 H 14 recycled/kg QH 14 fed 

38. (c) 3796 kg steam fed to stripper 

40. (c) 17.6% excess NH 3 

42. f - 56.2 mol/s 

44. 7380 kg 80% H ; S0 4 

46. (b) Y a = X B = 0.688 

48. (c) .Yeo = 0.156 

50. (c) Fractional yield of QHjCl = 0.875 
52. 1533 kg ore 

54, For the I st feed mixture, v A = 0.2027, >e = 0.0393 

56. (b) CH 3 OH enters the reactor at the rate of 50.0 
kmol/h 

58. (c) 85.9 kmol/h recycle 
60. (a) S.P. Conversion = 14% 

62. (b) 2.535 x 10 4 kmol/h rt-CjH 10 in emulsion recycle, 
2220 kmol H 2 S0 4 /h and 1200 kmol HjO/h in acid re¬ 
cycle. 1040 kmol i-C 4 Hio/h recycled from distillation 
column 
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64. (b) 66.5 kmol/h 

66. 250 kmol/h 

68. (b-iii) 9.1 mole % C0 2 

70. (c) 18.6% excess air 

72. (a) Desired percent excess air = 11% 

74. 10.7% C0 2 ,9.8% H 2 0 

76. (b) 3.72 x 10 5 mol air/tonne coal 

78. 30% bypass 

80. (b) Minimum percent excess air = 117%. 

CHAPTER FIVE 

2. Bulk density = 3.26 g/cm 3 
4. (c) 35.4 kg CuSO* (anhydrous) 

6. (b) 9.3% error 
8. (b) 555 
10. 165 m/s 

12. Unknown MW = 3.9 
14. (a) 880 cm 3 /s 
16. 71.2% 

18. 1.52 

20. (c) 58.5 g/L 

22. (a) y B (9 am) = 0.62 X 10~ 6 

24. (b) $1,747.000/month 

26. (b) 3595 mol diluting air/s 

28. (b) 3.3 cm H 2 0 

30. 4.0 X 10 4 m 3 (STP) air/h 

32. (a) 346 kPa 

34. (c) 1.2X10 5 A 

36. (b) x = 0.5 ^ V = 2.16 x 10 4 L 

38. (b) 71% conversion of propylene 

40. (b) 196 kg acetone vaporized/h 

42. 0.150 mol Cl 2 /mol 

44. 1.8% Fe 2 Oj 

46. (a) 4.08 x 10 5 L gas/min leaves the condenser 

48. (b) /soj = 0.367 at 600°C 

50. 846 SCMH recycled 

52. 25.7 mole% C0 2 ,6.5% CO.... 

54. (a) Reactor effluent (C): 49.4 kmol/h, 

26% H 2) 53% CHjOH, 0.03% H 2 0 
56. 135 m 3 /h 
58. Psrk = 7.3 atm 
60. 1.57 X 10 4 L/h 
62. (b) 37.4 lb m 
64. (b) z = 1.6 
66. 320°F 


68. 74.3 mol 

70. (b) P > 11 x 10 4 atm (c) 5 cycles 

72. (b) 34,900 gallons 

74. 0.041m 3 

76. 126 ft 3 /min 

78. (b) 29.9 m 3 /h 

80. 1.63 kmol/min 

82. (b) ChHjoOm 

CHAPTER SIX 

2. (b) 0.235 g vapor/g total 
4. 58.8 kJ/mol 
6. T b = 116°C 
8. 8,0 X 10~ 4 mol 
10. (b) 6.85°C 
12. (b) 99.7% condensation 
14. At 70°F and 50% r.h., p air = 1.196 g/L 
16. 5.04 x 10 4 ft 3 /min 
18. 0.310 m 3 outlet air/m 3 feed air 
20. (c) 0.479 lb-mole octane lost 
22. (c) 2.52®C 
24, (b) 29°C 

26. (b) 96% recovery if the refrigerant is used 

28. 1.81 gal. condensed/min 

30. (b) Cool to 7.8°C 

32. (a) 0.0148 kmol CHjOH/min 

34. V ia = 2.09 x 10 5 ft 3 /h 

36. (b) U in!et = 2590 ft 3 /h 

38. T d p = 58.8°C 

40. (b) x = 0.00536 mol C 3 H 8 /mol 

42. (a) 1097 mol leave converter, 15.5% H 2 0 

44. (b) 8.33 x 10 -2 m 3 gas feed/kg liquid feed 

46. 0.0711 mol benzene/mol 

48. xch 4 = 1.46 x 10” 4 mol CH 4 /mol 

50. (c) 127 cm 3 

52. 85.85°C 

54. (a) P = 76 psig 

56. (a) 0.096 mol QHg/min 

58. (b) 22.6% benzene T bp = 108.1°C 

60. (d) 0.39 m 

62. (d) x B = 0.400 y B = 0.795, 

P = 444 mm Hg 

66. (c) 0.46 mol vapor/mol liquid 
68. (d) 64.5°C 
70. 79.9°C 
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72. (c) 0.19 lb-mole H 2 0/lb-mole 
74. 32.3% 

76. (c) 23.0 kg A 
78. 0.428 lb m crystals/lb m liquid 
80. 2044 kg/h recycled 
82. (c) 64 lb m recycle/lb m fresh feed 
84. T m = 1.9°C 
86. 83.5 g/mol. 6.38 kJ/mol 
88. 4.4 g styrene in ethylene glycol phase 
90. (a) The extraction requires 13,000 kg of hexane 
92. (b) 0.2965 kg alkaline solution/kg acidified broth 
94. Water-rich phase: 21% acetone, 3% MIBK, 76% water 
(answers may vary) 

96. (c) For System 2, 0 3W = 41.8 (answers may vary) 

98. (a) 33.1 grams of silica gel 
100. (b) 1.13 hours (68 minutes) 

CHAPTER SEVEN 

2. (b) 3000 MW 
4. (a) £ k = 1.40 x 10~ 5 hp 
6. (b) u = 25.4 ft/s 
8. £ max = 3.43 x 10 6 kW • h./wk 
10. (b) Q = -765 J 
12. 2338 J/mol 
14. 9.0 x 10 3 cal 

16. (a) (i) 941 cm 3 , (ii) 19.5 J, (iii) 64.3 J 

18. (c) AE P = -W S ,W S > 0 

20. (a) 246 L/s 

22. 477 m/s 

24. (a) 6.02 x 10 7 J/s 

26. 5.80 x 10 4 kW 

28. (b) 1.27 m 3 steam/s 

30. (a) 300 kJ/h 

32. (b) 1.8 kW 

34. (a) Every 13 seconds 

36. (a) 0.296 evaporates 

38. (b) 2920 kJ/s 

40. 587 kJ/h 

42. (a) 1.82 xlO 4 cal 

44. (c) 5.70 X 10 4 kJ 

46. 38 g 

48. (a) 0.53 g evaporated 
50. 2.6 g evaporated 
52. (a) 0.894 m/s 
54. (a) 122 L/min 


56. 76.2 m 3 /min 
58. 0.62 kW 

CHAPTER EIGHT 

2. (c) A 0 = 2160 J/mol 
4. (d) 31.71 kJ/mol 
6. (c) -110.7 kJ/mol 
8. 7193 kW 

10. (b) C p * 0.223 kJ/(mol • K) 

12. (c) Total daily cost = $4.72 

14. (a) -2156 kW 

16. 1833 Btu/h 

18. -0.07643 kJ/g 

20. 1810 m 2 

22. (c) 3.41 m 3 /s 

24. (c) 0,400 m 3 steam/m 3 propane 
26. (b) Relative humidity = 79.7% 

28. 1.39 X 10 6 J/day 
30. (b) 290 kW 
32. (a) 792°C 

34. A ft a „oly,kal = “1730cal/g 

36. <c) 60.12 kJ/mol 

38. -1.90 x 10 4 kW 

40. (a) 1.95 x 10 5 kJ/h 

42. A//„( 1Q0°C) * 38.2 kJ/mol 

44. (c) 33.4 kJ/mol 

46. (d) -181 kJ/m 3 air fed 

48. 733 kW 

50. (b) 257 kW 

52. (a) 2.42 X IQ 4 kW 

54. (d) Tn = 34°C ==> T al = 504.6°C 

56. (b) 163 kg/h additional steam 

58. (c) 3733 kg/h fresh water 

60. (c) 0.51 g evaporate 

62. (a) 1760 kW 

64. (d) 1.16 X 10 5 kJ/h 

66. (b) x f = 0.5, Tt = 110°C, 

P = 760 mm Hg => r evap = 52.2°C 
68. (a) 0.840 kg steam generated, 973 kJ transferred from 
condenser 

70. r dp * 77.3°F, H = 43.9 Btu/lb m DA 

72. (d) Q = -31 J 

74. (b) 2.9 tons of cooling 

76. (b) 0.0119 kg HjOadded/min 

78. (b) 67 m' 
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80. (b) -15.5 kW 

82. (b) 11.09 kJ/mol HC1 

84. 6.09 x 10 4 J/mol H 2 S0 4 

86. (b) -471 kJ/L product 

88. (b) 291.4 gH 2 0(l), 547.3 gH 2 0(s) 

90. (c) 60 kJ/h transferred from the crystallizer 
92. (b) T max = 125°C 
96. (b) MOT 

98. Liquid: 10.5 g NH 3 ,64.5 g H 2 0 

CHAPTER NINE 

2. (c) -1.53 x 10 3 kW 

4. (c) +122 kJ 

6. (a) 122.7 kJ/mol 

8. (c) —1.26 x id 5 kJ/h (evolved) 

10. (b) AH° = -5068 kJ/mol 

12. (c) Q = -0.0536 kW 

14. (c) Q = 251 kJ 

16. (b) 1350 kW 

18. (c) Q = 11.863 kJ 

20. (b) -81.5 kW 

22. (b) -6.44 X 10 4 Btu/h 

26. (c) -279 kW (process), -265 kW (reactor) 

28. (b) A: 3.67 x 10 3 kJ/h, F: 1.34 x 10 6 kJ/h, 

C: 5.65 x 10 4 kJ/h 

30. (c) 55.9 kmol recycled/h 

32. (a) 80.1% conversion 

34. (b) 59.2 kJ/mol feed 

36. (a) 0.417 mol C 2 H 4 /mol CH 4 consumed 

38. (c) no — 9.0 mol Oj 

40. -55.0 kJ/mol, -177.9 kJ/mol 

42. (a) AH° = 222.4 kJ/mol 

44. (a) 177 kJ/mol (NH 4 ) 2 S0 4 

46. (a) 94°C 

48. (a) LHV = 843 kJ/mol 


50. 72.5% CH 4 ,18.8% C 2 H 6 , 8.7% CO 

52. (a) 2.5 gai/h 

54. (b) 40.3 kJ. 534 kJ 

56. (b) 2.13 x 10 4 kJ/m 3 fuel 

58. (c) -655 kW 

60. (b) 1.16 x 10 5 kg steam/h 

62. (a) 99% excess air 

64. (b) 2780 S C 

66. (a) 1832°C 

68. (d) For Run 2, F ad = 1738°C 
70. (a) m B = 30.3 tonnes/d, m F = 11.2 tonnes/d, 
Qi = 8.04 x 10 7 kJ/d, 0 4 = 1.38 x 10 7 kJ/d 

CHAPTER TEN 

2. (b) «!•«;. nj..V|,JC>,X 3 

4. (a) 7 degrees of freedom 
6. (b) 1.80 mol recycle/mol fresh feed 
10. (c) For the given conditions, Q = -23.7 kW 
12. (b) T = 1560°C 

CHAPTER ELEVEN 


2. 

(a) 

«p = 0.3743, n 

P (0) = 

= 7.5 

4. 

(d) 

t = 120 s, «o. 

= 0.30 lb-mole 

6. 

(d) 

26.5 min. 



8. 

(d) 

Cso 2 (2 min.) = 

= 3.82 

x 10~ 7 

10. 

(e) 

90% conversion at t 

= 4.6 min. 

12. 

(c) 

20.6 seconds 



14. 

(b) 

3.5 x 10~° min 



16. 

(b) 

k 2 = 0.115 L/mol 


18. 

(b) 

2.7 hours 



20. 

(b) 

4.29 kW 



22. 

(c) 

r b = 3o°c => i 

r = 100 min 

24. 

(b) 

200 g 



26. 

(b) 

54.8°C 



28. 

(a) 

dC$2 dt = 0.080(C S1 

~ C$2 ) 

30. 

(c) 

dx/dr — —{hv 

W,)[- 

-x + ax/{x + b )] 
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Absolute humidity, 253.384 
Absolute pressure. 56 
Absolute saturation. 253 
Absolute temperature. 60 
Absorber, 168 
Absorption, 237 
Acentric factors, Pitzer, 201 
Acetylene synthesis from methane, 491,501 
Acid rain, 184 
Activated carbon. 275 
Activation energy, 41 
Adiabatic: 
cooling, 392 

flame temperature, 236,466 
humidification, 393 
mixing, 401 
process, 319 
saturation, 395 
saturation temperature, 395 
Adsorbate, 275 
Adsorbent, 275 
Adsorption, 275 
isotherm, 275 
Air: 

bone-dry, 251 
composition of, 51 
conditioner, 431 
theoretical and excess, 154 
water vapor mixtures, 384 
Algorithm, 504 
Alpha Centauri, 31 
Amagat’s law, 197 
Amazon jungle, 341 

American engineering system of units, 10 
Antoine equation, 246 
constants, 640-641 
Archimedes’ principle, 32 
Arrhenius equation, 41,568 
Atomic numbers, see table, back cover 
Atomic weight, 47, 
values of. see table, back cover 
Average molecular weight, 50 
Avogadro’s number, 48 

Back substitution, 15 
Bag filter, 355 
Balances: 
atomic, 125,129 
closure, 151 


differential, 86,544 
general, 85 

independent, nonreactive system, 96 
independent, reactive system, 126 
integral, 86,546 
overall, 104 

simultaneous transient, 560 
Ball mill, 66 
Barometer, 57 
Basis of calculation, 50,95 
Batch process, 84 

Benedict-Webb-Rubin equation. 202 
Bernoulli equation, 334 
Biomass combustion, 71 
Block: 

convergence, 516 
process, 511 
Body fat. 66 
Boiling, 263 
Boiling point, 242,253 
elevation, 270 
for a mixture, 263 
normal, 242 
Boilup, 166, 294 
Bottoms product, 294 
Boundary condition, 544 
Bourdon gauge, 57 
Breakthrough curve, 309 
Breaux Bridge Drug Company, 69 
Brouillette. P., 220 
Btu (British thermal unit), 316 
Bubble point, 259 
Bung, 32 
Bypass, 116 

Calcination, 483 

Calculus, useful rules, 550 

Calibration, 22,67 

Calorie, 316 

Calorimeter, 411, 445 

Carbon, activated, 275 

Careers in Chemical Engineering, 3-5 

Centrifuge, 579 

CGS system of units, 10 

Chain growth of polymers, 579 

Cheerful Chicken Dairy, 158 

Chemical vapor deposition (CVD), 4.222,478 

Chen’s equation, 381 

Clapeyron equation, 243, 381 
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Clausius-Clapeyron equation, 244 
Claus process, 225 
Closed system, 313,316 
Closure of mass balances, 151 
Coal: 
ash, 185 

fixed carbon, 185 
gasification, 492 
moisture content, 184 
proximate analysis, 184 
ultimate analysis, 494 
volatile matter, 184 
Colligative solution properties, 268 
Combustion, 142,469 
of biomass, 71 
material balances for, 146 
partial or incomplete, 143 
Composition 

estimation from combustion products, 

149 

on wet and dry bases, 143 
Compressibility factor, 206 
generalized charts, 207-211 
equation of state, 206 
Computer-aided calculations, 504 
Concentration: 
mass, 52 
molar, 52 

Confidence limits, 67 
Consistency of solid-liquid mixture, 502 
Continuous process, 84 
Control, statistical quality, 19 
Convergence: 
criteria, 618 
tolerance, 618 
Convergence block, 516 
Conversion: 
overall, 135 
single-pass, 135 
Conversion factors, 9 
between mass and molar composition, 50 
between mass and molar flow rates, 48 
between mass and volumetric flow rates. 45 
table of, see inside front cover 
use of, 9 

Corresponding states, law of, 207 
Cox chart, 246 
for various substances, 247 
Critical pressure, 200 
Critical state, 200 
Critical temperature, 200 
Cubic equations of state, 203 
Cumene production, 486 
Curve-fitting: 
exponential function. 27 
nonlinear data, 25 
power-law function, 27 


scattered data, 30 
straight-line, 24 
Cycle, 511 
tearing, 515 

Dalton’s law, 197 
Damping parameter, 616 
Deacon process, 172 
Debottlenecking, 42 
Degrees Baume, 44 
Degrees of freedom, 99,504 
from Gibbs phase rule, 248 
reactive systems, 126 
Degrees of superheat, 250 
Degrees Twaddell, 44 
Dehumidification, 392 
Densitometer, 65 
Density, 43 
bulk, 66,214 

estimates for mixtures, 189 
estimates from ideal gas equation of state, 
193 

Design, 42 
specification, 521 
variable, 505 
Detonation, 472 
Dew point, 
general, 259 

for single condensable species, 250 
Dialysis, 162 
Diffusivity, 41 
Diluent, 107 
Dimension, 8 
Dimensional equation, 9 
Dimensional homogeneity, 20 
Dimensionless quantities and groups, 22 
Distillation, 237 
Distribution coefficient, 271 
Downcomer, 163 
Draft, 219 
actual, 219 
theoretical, 219 
Dry box, 215 

Dry-bulb temperature, 384 
Dry ice, 417 
Drying, 392 
Dry test meter, 215 
Duhring plots, 246 
Dulong formula, 495 

Electrical Power, 602 
Elements, see table, back cover 
Endothermic reaction, 440 
Energy: 
internal, 315 
kinetic, 315 
potential, 315 
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Enthalpy: 
definition of, 321 
deviation, 388 
of reaction, 442 
table, 363 

Enthalpy-concentration diagrams, 399 
ammonia-water, 403 
H 2 S0 4 -H 2 0,399 
Enzyme, 4,481 
Equation-based: 
calculations, 511 
simulation, 522 
Equation of state: 

Benedict-Webb-Rubin, 202 
compressibility factor, 206 
cubic, 203 
ideal gas, 191 

SRK (Soave-Redlich-Kwong), 203 
virial, 201 
Equilibrium: 

constant for chemical reaction, 122 
liquid-liquid, 271 
reaction, 121 
solid-liquid, 264 
stage, 295 
vapor-liquid: 
multicomponent, 255 
one condensable component, 249 
Ethane dehydrogenation, 490 
Ethanol, synthesis from ethylene, 175 
Ethyl chloride synthesis, 488 
Evaporation, multiple-effect, 421,422 
Excess air or oxygen, 145 
Excess reactant, 118 
Exothermic reaction, 440 
Expansion work, 343 
Explosive range, 470 
Exposure level, permissible, 218 
Extensive variable, 247 
Extent of reaction, 119 
use in mass balances, 130 
Extract, 107 
Extraction, 238 
Extrapolation, 23 

Farblunget, J.S., 77 
Fat fraction in human body, 66 
Fermentation, 481 
Fern, 32 

First law of thermodynamics, 316 
Fitting, see Curve-fitting 
Flame, 471 
front, 471 
stationary, 472 
velocity, 471 

Flammability limits, 158,219,470 
Flare, 584 


Flash: 

evaporator, 426 
point, 282,471 
tank, 353 

vaporization, 405,418 
Flashback, 472 

Floods of Suds One-Day Laundry Service, 169 
Flotation, 217 

Flow, cocurrent and countercurrent, 347 
Flowchart, 90 
scaling, 94 
Flowmeter, 46 
Thomas, 345 
Flow rate, 45 
Flowsheet simulation: 
commercial packages, 533 
equation-based, 522 
sequential modular, 511 
Flue gas, 143 
Force, 12 

Formaldehyde synthesis: 
from methane, 174 
from methanol, 429,487 
Formation reaction, 447 
Fractional conversion, 118 
Fred, Old, 158 
Freeze concentration, 425 
Freeze drying, 425 
Freezing point, 242 
depression, 270 
Friction loss, 333 
Froth flotation, 217 
Fuels, 464 

Fuming sulfuric acid, see Oleum 

Gas chromatograph, 70 

Gas constant, see table inside back cover 

Gas hydrates, 300 

9c, 12 

Gibbs phase rule, 248 
Goalseek or goal seek, 612 
Graduate school, 3 
Gram-mole, 48 

Gravitational acceleration, 12 
Grocery sack, 340 

Half-life, 568 
Head, 54 
space, 585 
Heart, 345 
Heat, 315 

of combustion, standard, 448 
of formation: 
of ions, 464 
of solution, 460 
standard, 447 
of fusion, see Latent heat 
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of hydration. 493 
of melting, see Latent heat 
of neutralization, 460 
of reaction. 440,442 
from heats of combustion, 449 
from heats of formation, 447 
sensible. 366 

of solution or mixing, 396 
selected values. 653 
of vaporization, see Latent heat 
Heat capacity: 
constant pressure, 368 
constant volume, 366 
estimation by Kopp's rule, 372 
mixture, 373 
table of, 635-637 
Heating value, 465 
higher, 465 
lower, 465 
net. 465 
total. 465 

of various fuels, table, 466 
Heat transfer coefficient, 347,569 
Henry’s law, 257 
constant, 257 
Hess’s law, 446 
Hot tub, 412 
Humidification, 392 
Humidity, 253,384 
chart, see Psychrometric chart 
Humid volume, 387 
Hydrated salts, 267 
Hydrates, gas, 300 
Hydraulic power generation, 336 
Hydrogen, molecular versus atomic balances, 
126 

Hydrostatic pressure, 54 
Hygrometer, 36,224,285 

Ideal gas, 192 
equation of state, 191 
mixture, 196 

Ideal solution, 258,259, 396 
Ideal stage, 295,534 
Ignition, 470 
lag, 470 

temperature, 470 
Incompressible substance, 189 
Independent balances, 96 
Independent equations, 127 
Independent species, 126 
Indicator dilution method, 163 
Initiator, 579 
Intensive variable, 247 
Internal energy, 315 
of reaction, 444 
Interpolation, 23 
lso-octane synthesis, 179 


Isothermal, 338 
Isotherm, adsorption, 275 
Freundlich, 308 
Langmuir, 276 

Kay’s rule, 211 
Kidney, artificial, 162 
Kinetic energy, 315 
Kopp’s rule, 372 

Lagniappe, T. 69 
Latent heat: 
estimation, 381 
of fusion, 378 

of various substances, Table B.1 
of vaporization, 243,378 
of water, 378 
Leaching, 237 

Least squares, method of, 607 
Lever rule, 405 
Light, speed of, 31 
Liquefied petroleum gas, 142 
Liquid extraction, 238 
Limiting reactant, 118 
Lizard Lick, North Carolina, 32 
Logarithmic coordinates, 28 
log scale, 28 
semilog paper, 28 
Louis Louis, 77 

Manipulated variable, 521 
Manometer, 57 
differential, 57 
equation, 58 
fluid, 57 
inclined, 76 
open-end,57 
sealed-end, 57 
Mash, 481 
Mass fraction, 49 
Mean (of a data set), 17 
Mechanical energy balance, 334 
Melting point, 242 
Meshuggeneh, H., 351 
Methanol synthesis, 227,229 
MIBK-acetone-water phase diagram, 274 
Michaelis-Menten kinetics, 569 
Microbial culture, 35 
Miscibility, 271 
Modules, 511 
Mol, see Gram-mole 
Molal humidity, 253 
Molarity, 52 
Molal saturation, 253 
Molecular weight, 47 
average, 51 
polymer, 579 
Mole fraction, 49 
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Monomer, 579 

Natural gas, 142 
Nauseum, 71 
Newman, Paul, 74 
Newton-Raphson method, 619 
Newton’s corrections, 208 
Newton’s rule. 613 
NO*, 602 

Normal boiling point, 242 
n ,A -order rate law, 568 
Numerical integration, 623 

Oleum, 291 

Open system, 318 

Operation, 42 

Orange juice, 166 

Order-of-magnitude estimates, 15 

Orifice meter, 46 

Orsat analysis, 144 

Ossabaw Paper Company, 502 

Overhead product, 294 

Oxygen, theoretical and excess, 145 

Partial pressure, 196 

Partition ratio, see Distribution coefficient 
Parts per million and parts per billion, 53 
Pascal, 54. See also conversion factors, inside 
front cover 

Peng-Robinson equation of state, 203 
Percentage humidity, 254 
Percentage saturation, 254 
Perfect gas, see Ideal gas 
Permissible exposure level (PEL), 218 
Phase diagram, 240 
for CO 2 , 241 
for H 2 0, 241 
triangular, 273 

for water-acetone-MIBK, 274 
Phase rule, see Gibbs phase rule 
Pitzer acentric factor, 201 
Polymer, 579 
molecular weight, 579 
Polymerization, 580 
suspension, 580 
Polyvinyl chloride, 579 
chlorinated, 580 
Porosity, 214 
Portland cement, 225 
Potential energy, 315 
Poundal, 32 
Power generation, 602 

ppm (parts per million), ppb (parts per billion), 
53 

Prandtl number. 34 
Precision, 13 
Preexponentia! factor, 41 
Preheater, 498 


Pressure. 54 
absolute. 56 
atmospheric. 54 
bubble point, 259 
critical. 200 
dew point. 260 
fluid. 54 
gauge, 54 
head.54 
hydrostatic, 54 

maximum allowable working (MAWP), 
231 

partial, 1% 
pseudocritical. 211 
pseudoreduced. 201 
reduced. 201 
standard. 194 
vapor. 242 
Process: 
batch. 84 
continuous. 84 
definition. 42 
hypothetical path, 360 
optimization. 99 
semibatch. 84 
steady-state. 84 
streams. 42 
transient. 84 
unsteady-state. 84 
Psvchrometer. 430 
Psychrometric chart. 384 
air-water. 385,386 
Purge stream. 138 
Purification processes, 237 
Pxy diagram. 262 
Pyrometer. 60 

Quadrature. 377,622 
Quality assurance. 33 
Quality of steam, 347 

Rackstraw, R., 412 
Raffinate. 107 
Range (of a data set), 18 
Raoult’s law: 
general. 257 

single condensable species, 249 
Rayleigh, still. 574 
Reactant: 
excess, 118 
limiting. 118 
Reaction: 
irreversible. 121 
rate. 155 

rate constant. 38,79 
reversible. 121 
Reasonableness, test of. 15 
Recycle. 110 
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Reference state, 325,359 
Reference substance plot, 245 
Reforming 492, 592 
Reflux, 166,294 
Refrigeration, 349 
Regula-falsi method, 613 
Relative humidity, 253,387 
Relative saturation, 253 
Relative volatility, 295 
Residence time, 181 
Residual, 607 
Respirator, 278 
Reynolds number, 34 
Rotameter, 46 
Rupture disk, 578 

Saccharification, 481 
Sample: 
mean, 17 
range, 18 

standard deviation, 18 
variance, 18 
Saturation, 249 
adiabatic, 395 
of a liquid solution, 264 
Scaling (up or down) process flowchart, 94 
SCF (standard cubic feet), 194 
Schlimazel, L., 71 
Scientific notation, 13 
SCM (standard cubic meters), 194 
Scrubbing, 237 

Seawater evaporation, 168,422 
Sedimentation, 161 
Selectivity, 123 
in extraction, 307 

Semibatch (semicontinuous) process, 84 
Separation process, 237 
Sequential modular: 
calculations, 511 
flowsheet simulation, 511 
Settera, E., 72 
Shock wave, 472 
Significant figures, 13 
Simpson’s rule, 621 
Simulation, see Flowsheet simulation. 
Simultaneous mass and energy balances, 332,458 
Siphon, 335 

SI units (Systeme International d’Unites), 10 
Sling psychrometer, 430 
Sludge, 502 
Slug, 32 

Soave-Redlich-Kwong (SRK) equation of state, 
203 

Solubility, 264 

coefficient of a gas in a liquid, 291 
of KN0 3 , NaCl, and Na 2 S0 4 ,266 
Solute, 107 
Solvent, 107 


Space velocity, 235 
Sparger, 578 
Specialty chemicals, 4 
Specific gravity, 43 
selected values, 628*634 
Specific property, 321 
enthalpy, 321 

enthalpy of selected gases, 652 
heat, 369 

kinetic energy, 321 
molar volume, 192 
volume, 43 

Spray cooling, 392,433 
Spray drying, 216 

Spreadsheet, nonlinear equation, 612 
SRK, see Soave-Redlich-Kwong equation of 
state 

Stack gas, 143 

Stage, ideal or equilibrium, 295 
Standard: 
conditions, 194 
deviation, 18 
heat of combustion, 448 
heat of formation, 447 
heat of reaction, 443 
State: 

property, 326 
variable, 505 

Statistical quality control, 19 
Steady-state process, 84 
Steam: 
quality, 347 
reforming, 592 -*» 

tables, 642-651 
description, 327 
trap, 348 

Stoichiometric equation, 116 
coefficients, 116 
proportion, 116 
ratio, 117 
requirement, 118 
Stoichiometry, 116 

STP (standard temperature and pressure), 194 

Strawberry jam, 158 

Stripper, 168 

Styrene synthesis, 487 

Subcooled liquid, 327 

Sublimation point, 242 

Successive substitution, 616 

Supercritical fluid, 200 

Superheated steam, 327 

Superheated vapor, 250 

Supersaturation, 264 

Synthesis gas, 591 

Tear. 

the cycle, 515 
stream, 515,601 
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Temperature, 
absolute, 60 

adiabatic flame, 236,466 
adiabatic reaction, 456 
adiabatic saturation, 395 
autoignition, 470 
bubble point, 259 
conversion among scales, 61 
critical, 200 
dew point, 259 
humid air, 387 
dry-bulb, 384 
human body, 347 
ignition, 470 
pseudocritical, 201 
pseudoreduced, 201 
reduced, 201 
scales. 60 
standard, 194 
wet-bulb, 387 

Terephthalic acid (TPA), 228 
Theoretical air or oxygen, 145 
Thermocouple, 60,77 
Thermometer, 60 
resistance, 60 
Thomas flowmeter, 345 
Threshold limit value (TLV), 234 
Tie lines, 273,403 
Tracer, 163,567 
Transient process, 543 
Trapezoidal rule, 623 
Tray, 163 
Triple point, 242 
Troubleshooting, 42 
Trouton’s rule, 381 
Turbine, 324 
Turnaround, 73 
Turndown, 42 
Txy diagram, 262 
for benzene-toluene, 262 

Ultimate analysis: 
of coal, 494 
of fuel oil, 225 
Unit, 8 
base, 10 
compound, 10 
conversion, 11 

conversion factors, printed on inside front 
cover 
derived, 10 


multiple, 10 
systems of, 10-11 

Validation of results, 15 
Van der Waals equation, 203 
Vapor compression, 420 
Vapor pressure, 242 
estimation, 244 
lowering, 269 
of water, 638-639 
paper, 246 
Variable: 
design, 99 
extensive, 247 
intensive, 247 
manipulated, 521 
random, 16 
state, 505 

Variance (of a data set), 18 
Venturi meter, 354 
Virial: 

coefficient, 201 
equation of state, 201 
Void fraction, 66,214 
Volatility, 243 
relative, 295 
Volume: 

fraction or percentage in ideal gases. 

197 

humid, 387 
pure-component, 196 
standard, 194 

Waste heat boiler, 375,413 
Water-gas shift reaction, 592 
Water of hydration, 267 
Watson correlation, 382 
Wegstein algorithm, 617 
Weight, 12 

Wet bulb temperature, 387 
Whizzo, 169 
Work, 315 
expansion, 343 
flow, 320 
shaft, 320 

Xylene isomers, 238 
Yield, 123 
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Term: This License Agreement is effective until terminated. You may terminate it at any time by destroying the Licensed ; 
Program and User Manual together with all copies made (with or without authorization). 

This Agreement will also terminate upon the conditions discussed elsewhere in this Agreement, or if you fail to comply with 
any term or condition of this Agreement. Upon such termination, you agree to destroy the Licensed Program, User Manual 
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GRAM AND USER MANUAL(S). THE ENTIRE RISK AS TO THE RESULTS OR PERFORMANCE, AND THE COST OF ALL NECESS.ARY ■ 
SERVICING, REPAIR. OR CORRECTION OF THE LICENSED PROGRAM AND USER MANUAL(S) IS ASSUMED BY YOU. 

IN NO EVENT WILL WILEY OR THE AUTHOR, BE LIABLE TO YOU FOR ANY DAMAGES. INCLUDING LOST PROFITS, LOST SW- I 
INGS, OR OTHER INCIDENTAL OR CONSEQUENTIAL DAMAGES ARISING OUT OF THE USE OR INABILITY TO USE THE i 
LICENSED PROGRAM OR USER MANUAL(S), EVEN IF WILEY ORAN AUTHORIZED WILEY DEALER HAS BEEN ADVISED OF THE 
POSSIBILITY OF SUCH DAMAGES. 

| 

General: 

This Limited Warranty gives you specific legal rights. You may have others by operation of law which varies from state to state, if any of | 
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The accompanying CD 

—INTERACTIVE CHEMICAL PROCESS PRINCIPLES (ICPP)— 
is a guide and toolkit for students using this text 
in an introductory chemical engineering course. It also contains reference materials 
that should be useful throughout the chemical engineering curriculum. 

ICPP HAS THE FOLLOWING COMPONENTS: 

Index of Learning Styles A student's learning style is the way the student tends to take in and process information. The 
Index of Learning Styles (ILS) is a 44-item questionnaire used to assess preferences on four learning style dimensions 
(active/reflective, sensing/intuitive, visual/verbal, and sequential/global). By completing this questionnaire, you can get 
information about your learning style preferences, which in turn suggests the types of teaching and studying that work well 
for you and the types that don't. We also offer suggestions for the most effective way to use this CD based on your learning 
preferences. We suggest you complete this questionnaire and make use of the results early in your course studies. 
Instructional Tutorials This section of ICPP contains six instructional tutorials, each designed to be worked through at a 
different point of the introductory course. The tutorials describe systems, pose problems, and guide you through the solu¬ 
tions. There are several ways to approach the tutorials. The easy way, and the least valuable, is simply to look for the answers 
rather than attempt to solve the problems. The only way to get the full benefit of the tutorials is to try to solve the problems 
yourself first, and then to check yourself by looking at the correct solutions. 

Visual Encyclopedia of Chemical Engineering Equipment Many of the problems in the text make reference to com¬ 
mon chemical process equipment, such as heat exchangers, pumps, separation process units (absorption towers and distilla¬ 
tion columns), and various types of chemical reactors. In most cases, you won’t have to know how these various pieces of 
equipment work to solve the problems, but you may avoid confusion by getting a good picture of how they work before you 
begin the analysis. By clicking on the equipment type in the Visual Encyclopedia (developed by Professor Susan 
Montgomery and her students at the University of Michigan and distributed by permission from The Regents of the 
University of Michigan), you will obtain a photograph and/or a cutaway view of the equipment item, along with a short 
description of how it works and where in the chemical industry it tends to be used. Note: The CD must be in the CD drive 
in order to access this encyclopedia. 

E-Z Solve This is a powerful and easy-to-use equation-solving and graphing program. You can use it to solve a set of lin¬ 
ear or nonlinear algebraic equations of the type you will encounter in almost every problem in Chapters 2-10 of the text. You 
can also use it to solve linear or nonlinear ordinary first-order differential equations of the type found in Chapter 11. The 
set of already solved examples is provided in the subfolder Examples, which you can access from the File|Open menu. 
Before you first attempt to use the program to solve a problem, you should click on Help on the menu bar and then on 
Tutorial on the pull-down menu that appears. Working through the tutorial is the easiest way to learn to use the application. 
Physical Properties Database This section contains an on-line version of the physical property tables in Appendix B of 
the text. On the Physical Properties screen, you can look up any of the properties listed in Table B. 1 of the text (molecular 
weight, specific gravity, etc.) for a specified species. On the Heat Capacities screen, you can find the heat capacity of a spec¬ 
ified species at a specified temperature and 1 atm. You can also access a polynomial function for the heat capacity, like those 
listed in Table B.2 of the text, by copying the function name, pasting it into E-Z Solve, and entering a desired temperature 
as an argument. In the Steam Tables window, you can look up the specific volume, specific internal energy, and specific 
enthalpy of liquid water, saturated steam, or superheated steam at a specified temperature and pressure. You can also copy 
and paste the corresponding functions into E-Z Solve. 

NAVIGATING ICPP 

The installation creates icons in the Windows Start Menu and you can access any component from the Start Menu by click¬ 
ing on the icons. The Main Menu that provides links to each component; this provides the easiest way to access each com¬ 
ponent of ICPP. 

SYSTEM REQUIREMENTS 

The software will run on Windows-compatible PCs, under Windows 95, 98, or NT 4.0. Recommended configuration is 486 
DX 66, 16 MB RAM (64 MB RAM for NT), SVGA monitor (16-bit colors with 640x480 minimum resolution), 4X CD- 
ROM, video card, sound card, and speakers. A Web browser (Netscape Navigator 4.0 or Microsoft Internet Explorer 4.0) 
must be available to access the Index of Learning Styles component. 

About 10 MB of free hard disk space will be required. 

Installation instructions are printed on the CD. 
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ATOMIC WEIGHTS AND NUMBERS 


Atomic weights apply to naturallv occurring isotopic compositions and are based on an atomic mass 
of ,2 C = 12 


Element 

Symbol 

Atomic 

Number 

Atomic 

Weight 

Element 

Symbol 

Atomic 

Number 

Atomic 

Weight 

Actinium 

Ac 

89 

_ 

Iridium 

Ir 

77 

192.2 

Aluminum 

A1 

13 

26.9815 

Iron 

Fe 

26 

55.847 

Americium 

Am 

95 

— 

Krypton 

Kr 

36 

83.80 

Antimony 

Sb 

51 

121.75 

Lanthanum 

La 

57 

138.91 

Argon 

Ar 

18 

39.948 

Lawrencium 

Lr 

103 

_ 

Arsenic 

As 

33 

74.9216 

Lead 

Pb 

82 

207.19 

Astatine 

At 

85 

__ 

Lithium 

Li 

3 

6.939 

Barium 

Ba 

56 

137.34 

Lutetium 

Lu 

71 

174.97 

Berkelium 

Bk 

97 

— 

Magnesium 

Mg 

12 

24.312 

Beryllium 

Be 

4 

9.0122 

Manganese 

Mn 

25 

54.9380 

Bismuth 

Bi 

83 

208.980 

Mendelevium 

Md 

101 

_ 

Boron 

B 

5 

10.811 

Mercury 

Hg 

80 

200.59 

Bromine 

Br 

35 

79.904 

Molybdenum 

Mo 

42 

95.94 

Cadmium 

Cd 

48 

112.40 

Neodymium 

Nd 

60 

144.24 

Calcium 

Ca 

20 

40.08 

Neon 

Ne 

10 

20.183 

Californium 

Cf 

98 

— 

Neptunium 

Np 

93 

— 

Carbon 

c 

6 

12.01115 

Nickel 

Ni 

28 

58.71 

Cerium 

Ce 

58 

140.12 

Niobium 

Nb 

41 

92.906 

Cesium 

Cs 

55 

132.905 

Nitrogen 

N 

7 

14.0067 

Chlorine 

Cl 

17 

35.453 

Nobelium 

No 

102 

_ 

Chromium 

Cr 

24 

51.996 

Osmium 

Os 

75 

190.2 

Cobalt 

Co 

27 

58.9332 

Oxygen 

O 

8 

15.9994 

Copper 

Cu 

29 

63.546 

Palladium 

Pd 

46 

106.4 

Curium 

Cm 

96 

— 

Phosphorus 

P 

15 

30.9738 

Dysprosium 

Dy 

66 

162.50 

Platinum 

Pt 

78 

195.09 

Einsteinium 

Es 

99 

— 

Plutonium 

Pu 

94 

_ 

Erbium 

Er 

68 

167.26 

Polonium 

Po 

84 

_ 

Europium 

Eu 

63 

151.96 

Potassium 

K 

19 

39.102 

Fermium 

Fm 

100 

— 

Praseodymium 

Pr 

59 

140.907 

Fluorine 

F 

9 

18.9984 

Promethium 

Pm 

61 

_ 

Francium 

Fr 

87 

— 

Protactinium 

Pa 

91 

_ 

Gadolinium 

Gd 

64 

157.25 

Radium 

Ra 

88 

_ 

Gallium 

Ga 

31 

69.72 

Radon 

Rn 

86 

_ 

Germanium 

Ge 

32 

72.59 

Rhenium 

Re 

75 

186.2 

Gold 

Au 

79 

196.967 

Rhodium 

Rh 

45 

102.905 

Hafnium 

Hf 

72 

178.49 

Rubidium 

Rb 

37 

84.57 

Helium 

He 

2 

4.0026 

Ruthenium 

Ru 

44 

101.07 

Holmium 

Ho 

67 

164.930 

Samarium 

Sm 

62 

150.35 

Hydrogen 

H 

1 

1.00797 

Scandium 

Sc 

21 

44.956 

Indium 

hi 

49 

114.82 

Selenium 

Se 

34 

78.96 

Iodine 

I 

53 

126.9044 

Silicon 

Si 

14 

28.086 



Atomic weights apply to naturally occurring isotopic compositions and are based on an atomic 
mass of 12 C = 12 


Element 

Symbol 

Atomic 

Number 

Atomic 

Weight 

Element 

Symbol 

Atomic 

Number 

Atomic 

Weight 

Silver 

Ag 

47 

107.868 

Tin 

Sn 

50 

118.69 

Sodium 

Na 

11 

22.9898 

Titanium 

Ti 

22 

47.90 

Strontium 

Sr 

38 

87.62 

TUngsten 

W 

74 

183.85 

Sulfur 

S 

16 

32.064 

Uranium 

U 

92 

238.03 

Tantalum 

Ta 

73 

180.948 

Vanadium 

V 

23 

50.942 

Technetium 

Tc 

43 

— 

Xenon 

Xe 

54 

131.30 

Tellurium 

Te 

52 

127.60 

Y tterbium 

Yb 

70 

173.04 

Terbium 

Tb 

65 

158.924 

Yttrium 

Y 

39 

88.905 

Thallium 

T1 

81 

204.37 

Zinc 

Zn 

30 

65.37 

Thorium 

Th 

90 

232.038 

Zirconium 

Zr 

40 

91.22 

Thulium 

Tm 

69 

168.934 






THE GAS CONSTANT 

8.314 m 3 -Pa/(mol-K) 
0.08314 L-bar/(mol-K) 
0.08206 L-atm/(mol-K) 

62.36 L-mm Hg/(mol-K) 
0.7302 ft 3 • atm/(lb-mole °R) 
10.73 ft 3 psia/(lb-mole-°R) 

8.314 J/(mol-K) 

1.987 cal/(mol-K) 

1.987 Btu/(lb-mole-°R) 
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